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Symbols and abbreviations 
 
W Watt 
µ chemical potential 
k Boltzmann constant 
T absolute temperature 
Q charge of an electron 
D(E) density of states at energy level E 
S Seebeck coefficient 
EF Fermi level 
G(E) conductance at energy level E  
σ(E) conductivity at energy level E 
νx carrier velocity 
κ momentum 
 momentum-dependent relaxation time 
S Seebeck coefficient 
V voltage 
 Peltier coefficient 
I current 
ρ resistivity  
R resistance 
β Thomson coefficient 
J current density 
K thermal conductivity 
U potential drop 
Q heat transfer 
 thermal diffusivity 
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Cp specific heat capacity 
h Plank’s constant 
 frequency of light 
CSA camphor sulfonic acid 
DMM digital multimeter 
DOS density of states  
DMSO dimethyl sulfoxide 
EG ethylene glycol 
HH half-Heusler 
ICP Intrinsically conducting polymers 
MWCNT multi walled carbon nanotube 
NDH nearest distance hopping 
PGEC phonon-glass-electron-crystal 
PANI polyaniline 
PC polycarbonate 
PEDOT:PSS poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) 
PEG poly(ethylene glycol) 
PEI poly(ethylene imine) 
PEPEG poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol)  
PLA polylactic acid 
PMMA poly(methyl methacrylate) 
PP polypropylene 
PS polystyrene 
SBS polystyrene-block-polybutadiene-block-polystyrene 
SEBS polystyrene-block-poly(ethylene-random-butadiene)-block-polystyrene 
PTH polythiophene 
PVAc poly(vinyl acetate) 
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PVPy poly(4-vinyl pyridine) 
PVP poly(vinyl pyrrolidone) 
PVDF poly(vinylidene fluoride) 
rGO reduced graphene oxide 
SWCNT single walled carbon nanotube 
TEG thermoelectric generator 
VRH variable range hopping 
VPP vapour phase polymerisation 
VVPP vacuum vapour phase polymerisation 
 
 
 
  
 6 
 
Contents 
1. Introduction 
1.1 Introduction and aim of this work………………………………………………...9 
2. State of the art of thermoelectric materials 
2.1 Fundamentals of thermoelectricity……………………………………………….15 
2.2 Overview about thermoelectric materials………………………………………...23  
2.2.1 Inorganic materials  
2.2.1.1 Skutterudites…………………………………………………24 
2.2.1.2 Tellurides……………………………………………………..25 
2.2.1.3 Si_Ge alloys………………………………………………….26 
2.2.1.4 Half heusler alloys…………………………………………...27 
2.2.2 Organic materials 
2.2.2.1 Intrinsically conducting polymers (ICP)…………………….28 
2.2.2.2 Conductive polymer composites.……………………………37 
3. Experimental 
3.1 Materials……………………………………………………………………..39 
3.2 Methods 
3.2.1 Synthesis of nanoparticles 
3.2.1.1 Synthesis of Te………………………………………………39 
3.2.1.2 Synthesis of graphite oxide (GO)……………………………40 
3.2.1.3 Synthesis of vanadium salt reduced rGO (rGO_V)………....40 
3.2.1.4 Synthesis of silver modified rGO (rGO_Ag)………………..40 
3.2.1.5 Synthesis of copper modified rGO (rGO_Cu)………………41 
3.2.1.6 Synthesis of reduced graphite oxide (rGO)………………….41 
3.2.2 Preparation of nanocomposites 
3.2.2.1 Preparation of PEDOT:PSS nanocomposites………………..42 
3.2.2.2 Preparation of PEDOT:PSS films doped with citric acid or L-
ascorbic acid………………………………………………………42 
3.2.2.3 Preparation of nanocomposites based on rGO and modified 
rGO………………………………………………………………..42 
3.2.2.4 Preparation of nanocomposites based on SWCNT………….43 
3.2.3 Generator prototype fabrication……………………………………..43 
3.3 Characterizations 
 7 
 
3.3.1 Electrical conductivity………………………………………………..44 
3.3.2 Powder conductivity………………………………………………….46 
3.3.3 Seebeck coefficient…………………………………………………...47 
3.3.4 Thermal conductivity…………………………………………………50 
3.3.5 Raman spectroscopy………………………………………………….51 
3.3.6 Scanning electron microscopy (SEM)………………………………..52 
3.3.7 X-ray diffraction (XRD)……………………………………………...52 
3.3.8 Transmission electron microscopy (TEM)…………………………...52 
3.3.9 Ultra violet visible (UV-Vis) spectroscopy…………………………..52 
3.3.10 Density measurement…………………………………………………53 
3.3.11 X-ray photoelectron spectroscopy (XPS)…………………………….53 
3.3.12 Thermogravimetric analysis (TGA)…………………………………..53 
4. Results and Discussions 
4.1 PEDOT:PSS composites……………………………………………………...54 
4.1.1 Morphology 
4.1.1.1 PEDOT:PSS/SWCNT composite…………………………….54 
4.1.1.2 PEDOT:PSS/TiO2 composite…………………………………55 
4.1.1.3 PEDOT:PSS/CuO composite…...…………………………….57 
4.1.1.4 PEDOT:PSS/Te composite…………………………………...57 
4.1.2 Thermoelectric properties 
4.1.2.1 PEDOT:PSS/SWCNT composite…………………………….59 
4.1.2.2 PEDOT:PSS/TiO2 composite………………………………...60 
4.1.2.3 PEDOT:PSS/CuO composite…………………………………61 
4.1.2.4 PEDOT:PSS/Te composite…………………………………...62 
4.1.2.5 PEDOT:PSS doped with citric acid or L-ascorbic acid………63 
4.1.3 Summary…………………………………………………………………..65 
4.2 Modified rGO nanoparticles 
4.2.1 Vanadium salt assisted reduced graphene oxide (rGO_V)...…………67 
4.2.1.1 Morphology and structural characterisations…………………67 
4.2.1.2 Thermoelectric properties…………………………………….78 
4.2.2 Silver modified reduced graphene oxide (rGO_Ag)………………….80 
4.2.2.1 Morphology and structural characterisations………...……….80 
4.2.2.2 Thermoelectric properties…………………………………….84 
4.2.3 Copper modified reduced graphene oxide (rGO_Cu)………………...86 
 8 
 
4.2.3.1 Morphology and structural characterisations...……………….86 
4.2.3.2 Thermoelectric properties………………………………….…95 
4.2.4 Summary……………………………………………………………...96 
4.3 SBS and SEBS composites based on rGO and modified rGO particles 
4.3.1 rGO…………………………………………………………………...97 
4.3.1.1 Morphology of rGO composites……………………………...97 
4.3.1.2 Electrical properties of rGO composites……………………..99 
4.3.1.3 Thermoelectrical properties of rGO composites…………….100 
4.3.2 rGO_V………………………………………...…………………….103 
4.3.2.1 Morphology of rGO_V composites…………………………103 
4.3.2.2 Electrical properties of rGO_V composites………………....104 
4.3.2.3 Thermoelectrical properties of rGO_V composites………....105 
4.3.3 rGO_Ag……………………………………………………………..109 
4.3.3.1 Morphology of rGO_Ag composites………………………..109 
4.3.3.2 Electrical properties of rGO_Ag composites………………..112 
4.3.3.3 Thermoelectrical properties of rGO_Ag composites………..112 
4.3.4 rGO_Cu………………………………………………………….….117 
4.3.4.1 Morphology of rGO_Cu composites………………………..117 
4.3.4.2 Electrical properties of rGO_Cu composites ………………119 
4.3.4.3 Thermoelectrical properties of rGO_Cu composites ………120 
4.3.5 Summary…………………………………………………………….123 
4.4 SBS and SEBS composites based on SWCNT 
4.4.1 Morphology of SWCNT composites………………………………..125 
4.4.2 Electrical properties of SWCNT composites………………………..126 
4.4.3 Thermoelectric properties of SWCNT composites………………….127 
4.4.4 Summary ……………………………………………………………132 
4.4.5 Device performance ………………………………………………...133 
5. Summary……………………………………………………………………..…..135 
6. Outlook………………………………………………………………………..….140 
7. Bibliography…………………………………………………………………….142 
8. Publications……………………………………………………………………...155 
9. Versicherung…………………………………………………………………….156 
10. Erklärung………………………………………………………………………..156 
 9 
 
1 Introduction 
1.1 Introduction and aim of this work 
There are two main concerns in this 21st century: rampant exploitation of natural resources, 
especially fossil fuels, and environmental pollution, i.e. due to unchecked release of CO2 and 
other gases by these fossil fuels. The CO2 level in the atmosphere is already now 30 % higher 
than it was before the industrial revolution (18
th
 century) and is rising at an exponential trend 
[1]. The blatant consequence of excessive CO2 emission is global warming, which leads to the 
rising of sea levels, shrinking snow cover and ice in the northern hemisphere, and higher 
surface temperatures. About 80 % of the global energy are derived from the fossil fuels (coal, 
oil, and gas), which are buried under the earth and are fast depleting. Thus the scientific 
community is in the run to find alternative, environmental friendly energy resources [2]. 
Replacing these fossil fuels with clean energy contributes to solve the above said two 
concerns. Wind energy, hydro power, nuclear energy, bio-fuels, fuel cells, photovoltaic cells, 
etc. are some of the possible strategies to tackle the above issues. Resorting to these 
alternatives is easier said than done, because they are accompanied with immense cost. Waste 
energy harvesting is a relatively new aspect embarked on. This phenomenon of conversion of 
heat to electricity is termed as thermoelectricity. Here, it means harvesting energy which 
otherwise goes wasted. In the view of law of conservation of energy, it refers to the process of 
scavenging intermittent small amounts of energy that would otherwise be lost as heat, light, 
sound, or motion.  
Waste heat energy is one of the largest sources of clean and fuel-free energy available. As 
reported by the US Department of Energy (DOE), up to 50 % of all energy from fuels burned 
in the US go unused into the atmosphere as waste heat [3]. Research indicates that the energy 
currently wasted by the industrial facilities in the U.S. could produce as much as 20 % of the 
total US electrical output with the associated 20 % reduction in greenhouse gas emissions [3]. 
Tables 1.1, 1.2, and 1.3 show the various sources that generate waste heat at high, medium, 
and low temperature range, respectively.  
Table 1.1 Typical waste heat temperatures from various high temperature sources [4]. 
No. Types of devices Temperature (°C) 
1 nickel refining furnace 1,370–1,650 
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2 aluminium refining furnace 650–760 
3 zinc refining furnace 760–1,100 
4 copper refining furnace 760–815 
5 steel heating furnace 925–1,050 
6 copper reverberatory furnace 900–1,100 
7 open hearth furnace 650–700 
8 cement kiln (dry process) 620–730 
9 glass melting furnace 1,000–1,550 
10 hydrogen plants 650–1,000 
11 solid waste incinerators 650–1,000 
12 fume incinerators 650–1,450 
 
Table 1.2 Typical waste heat temperatures from various medium temperature sources [4]. 
No. Types of devices Temperature (°C) 
1 steam boiler exhaust 230–480 
2 gas turbine exhaust 370–540 
3 reciprocating engine exhaust 315–600 
4 
reciprocating engine exhaust 
(turbo charged) 
230–370 
5 heat treatment furnace 425–650 
6 drying and baking ovens 230–600 
7 catalytic crackers 425–650 
8 
annealing furnace cooling 
systems 
425–650 
 
Table 1.3 Typical waste heat temperatures from various low temperature sources [4]. 
No. Types of devices Temperature (°C) 
1 process steam condensate 55–88 
2 
cooling water from 
furnace doors 
32–55 
3 bearings 32–88 
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4 welding machines 32–88 
5 injection moulding machines 32–88 
6 annealing furnaces 66–230 
7 forming dies 27–88 
8 air compressors 27–50 
9 pumps 27–88 
10 internal combustion engines 66–120 
11 
air conditioning and refrigeration 
condensers 
32–43 
12 liquid still condensers 32–88 
13 drying, baking, and curing ovens 93–230 
14 hot processed liquids 32–232 
15 hot processed solids 93–232 
 
Thermoelectric materials generate electric potential when a temperature gradient is applied 
across its ends. If many of these elements are combined into a device that provides enough 
energy to power other devices, they are referred to as a thermoelectric generator (TEG). 
In the high temperature range, thermoelectric materials like Sr2TiO3, ZnO, CaMnO3, 
CaCo4O9, NaCoO2 , Bi2Sr2Co2Oy, etc. are used [5] and in medium temperature range 
materials like BixSb2-xTe3, Na-Pb-Sb-Te, Bi2Te3-xSexMg2Si-Mg2Sn etc. are used [6]. In low 
temperature range thermoelectric materials like conducting polymers, their composites, and 
insulating polymer nanocomposites could be used [7, 8].  
Table 1.4 shows the average power consumptions of various devices encountered in routine 
life. Polymer based devices are aimed at harvesting power between 1 and 10 µW operating 
near to room temperature. 
Table 1.4 Average power consumptions of various devices [9]. 
Devices Power consumption 
GSM (Global System for Mobile 
Communications) transceiver 
100 mW – 1 W 
bluetooth transceiver 10 mW 
TableFM (Frequency Modulation) 1 mW 
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transceiver 
hearing aid 100 µW 
RFID (Radio Frequency 
Identification) tag 
10 µW 
wrist watch 1 µW 
 
Inorganic semiconductors based on Bi2Te3, PbTe, SiGe etc. exhibit relatively high efficiency 
of energy conversion (up to 25% [10]) and they can be used to power devices of all power 
range reported in the Table 1.4. Polymer based thermoelectric materials exhibiting relatively 
low efficiency of energy conversion ( up to 7% [7]) can be used to power devices of low 
power range (less than 10 µW). These polymer based thermoelectric materials can either be 
conducting polymers or insulating polymers filled with conducting nanoparticles like carbon 
nanotubes (CNTs), graphene, reduced graphene oxide (rGO), graphite, etc.  
Thermoelectricity is the phenomenon of conversion of temperature difference to potential 
difference or vice versa. There are two main types of effects under thermoelectricity. One of 
them is Seebeck effect which represents the phenomenon of conversion of heat to electricity 
and the other is Peltier effect which represents the phenomenon of conversion of electricity to 
heat. Figure 1.1 shows the schematic representation of Seebeck effect and Peltier effect. In 
Figure 1.1a when one of the contacts is heated and other one is cooled the electric charges 
flow from hot to cold end and through the outer circuit, thus creating an electric potential 
which makes the light glow. In Figure 1.1b when electric current is passed through the 
thermoelectric material, one of the contacts gets heated up and other one gets cooled.  
 
Fig. 1.1 Schematic representation of (a) Seebeck effect and (b) Peltier effect. 
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A thermoelectric leg is a fundamental part of the TEG through which the electrical charge 
(electrons or holes) flow when a thermal gradient is applied. Upon a temperature difference, 
electrons in n-type leg flow from hot end to cold end and in p-type leg they flow from cold 
end to hot end, thereby making a closed path. 
Figure 1.2a shows how a typical device (also called as thermoelectric generator (TEG)) where 
several thermoelectric legs comprising both p-type and n-type materials are connected 
electrically in series and thermally in parallel. Every leg is connected to two of their 
neighbouring legs through a high electrically conducting material and the top and bottom 
surfaces of the generator are covered with a high thermally conducting but electrically 
insulating material. 
  
Fig. 1.2 Thermoelectric generator. 
Hyland et al. showed that TEG can be used to harvest energy from body heat. They 
constructed a device based on Bi2Te3 and compared the power generated at different parts of 
the body [11]. Recently, a start-up company (spin-off from Karlsruhe Institute of Technology) 
commercialised a polymer based thermoelectric generator which powers a sensors and 
operates at room temperature [12]. Bae et al. constructed a flexible TEG based on 
PEDOT:PSS/Te composite by printing process. They could generate a potential of 2 mV 
using body heat [13]. 
 14 
 
 
 
Fig. 1.3 Photographs of thermoelectric devices fabricated from (a) Bi2Te3[11], (b) PEDOT 
based composite [12], and (c) PEDOT:PSS based composite [13]. 
From the above examples, it is inferred that polymer based TEGs have the scope to generate 
power at low operating temperatures. Moreover, polymer based materials are conducive to 
easy processability, upscalability, and recyclability. Besides, they are inexpensive, flexible, 
lightweight, and resistant to corrosion. Unfortunately, much research has been focussed on 
inorganic materials which are toxic, expensive, and scarce in earth crust. So, there exists 
significant potential to explore polymer based materials for thermoelectric application. 
Starting from these findings, the primary objectives of this work are 
 Exploring and developing materials to be useful in low temperature TEG. 
 Investigating thermoelectric properties of conducting polymer and insulating polymer 
composites. Incorporation of special nanofillers that are inexpensive and are based on 
abundant available elements like rGO, SWCNTs to improve the thermoelectric 
efficiency of the material. 
  Preparation of p-type and n-type composites based on rGO and SWCNTs and 
construction of TEG. 
a b 
c 
 15 
 
2. State of the art of thermoelectric materials 
2.1 Fundamentals of thermoelectricity 
As the name hints, thermoelectricity refers to the phenomenon of electricity generation from 
thermal energy. Such a phenomenon was first discovered by Thomas Johann Seebeck in 1821. 
He found that compass needle deflects when connected in a closed loop made from 2 different 
metals, when one of the joints is heated so that the joints have different temperatures [14]. 
This is a consequence of shift of the electrochemical potential in the two junctions due to the 
temperature difference. The charge carrier responsible for thermoelectricity can be either 
electrons or holes. Materials with former case are termed n-type semiconductors and with 
latter case are termed p-type semiconductors. 
 
Fig. 2.1 Density of states D(E) and Fermi level (EF) of (a) n-type and (b) p-type 
semiconductor [15].  
In n-type semiconductor there are electrons in the conduction band and the electrons just 
below the Fermi level (EF) are responsible for charge transport in presence of a potential, as 
shown in Figure 2.1a. Correspondingly, in p-type semiconductor, the holes just above the 
Fermi level are responsible for the flow of charges, as shown in Figure 2.1b. Holes represent 
an unoccupied but available state for electron to hop up. From the Figure 2.1, it is observed 
that the electrons or holes strictly do not cross the EF. This is a case which would be true in an 
ideal situation, as at absolute zero temperature. At temperature above 0 K there are electrons 
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just above EF as well. The probability of finding electron at a particular energy level (E) is 
given by Fermi function: 
𝑓(𝐸) =  
1
𝑒
(
𝐸−µ
𝑘𝑇
)
+1
          1.1 
where µ is the chemical potential, k is the Boltzmann constant, and T is the absolute 
temperature. 
 
Fig. 2.2 Fermi function of n-type semiconductor [15]. 
Figure 2.2 shows the typical Fermi function of an n-type semiconductor at a temperature T. It 
is inferred that at the chemical potential (when E=µ) the probability of finding an electron 
becomes ½. At energy levels far above the chemical potential the probability of finding an 
electron turns out to be 0 and far below the chemical potential it becomes 1. This transition 
from completely empty to completely full spans over a narrow energy range of  2 kT around 
E = µ. 
Electrons flow when they experience a potential difference, which is explained in the 
following Figure 2.3. When a positive potential is applied to an end of a semiconductor, its 
chemical potential goes down and when a negative potential is applied it goes up. When this 
happens, the Fermi function changes at both the contacts. As observed from Figure 2.3, left 
contact has higher chemical potential than the right contact. Electron from the former flows 
into latter until they reach equilibrium. Hence, current flow is given by the following 
equation: 
 17 
 
 
Fig. 2.3 Fermi function and density of states of two contacts [15]. 
𝐼 =  ∫ 𝑑𝐸 
∞
−∞
𝑞
𝑡
 
𝐷(𝐸)
2
[𝑓1(𝐸) − 𝑓2(𝐸)]        1.2 
where I is the current, q denotes the charge of the electron, t is the time taken for the electron 
to travel, and D(E) is the density of states. dE denotes the short window in energy range 
where electrons can travel.  
 
Fig. 2.4 Fermi functions in hot and cold contacts [15]. 
Similarly, flow of electrons can also be induced by a temperature difference. Figure 2.4 shows 
the change in Fermi function at relatively high and low temperatures. A key point to be 
noticed is that the difference in Fermi function has different signs above and below the 
chemical potential. This trend gives an impression that electrons flowing in one direction 
cancel out the others flowing opposite resulting in a null current. But this is not the case 
because density of states is not symmetrical about the chemical potential, as shown in Figure 
2.5.  
 18 
 
 
Fig. 2.5 Difference in Fermi function between hot and cold contacts and density of states of 
an n-type material [15]. 
It is vividly presented in Figure 2.5 with different colours that there are more electrons above 
the chemical potential than below. In an n-type material, electrons above the chemical 
potential flow from hot to cold end and electrons below flow from cold to hot end. In sum, 
there is a resultant electrons’ flow from hot to cold end. On the contrary, in a p-type material 
the resultant electrons’ flow is from cold to hot end, which in a better way said holes flow 
from hot to cold end. 
The general expression for Seebeck coefficient (S) goes as: 
𝑆 =  
∫ 𝑑𝐸 (−
𝑓
𝐸
)(
𝐸−µ
𝑞𝑇
)𝐺(𝐸)

−
∫ 𝑑𝐸(−
𝑓
𝐸
)

− 𝐺(𝐸)
         1.3 
where G(E) represents the conductance at energy level E and S represents the Seebeck 
coefficient. 
To have insight of predicting optimum Seebeck coefficient, it is instructive to view through 
“delta function”. Assuming a material with a narrow conductance function located at energy ε 
with a width Δε which is much less than kT. Then S and G reduces to  
𝑆 =  −
ε−µ
𝑞𝑇
           1.4 
𝐺 = 𝐺(ε)Δε (−
𝑓
𝐸
)
 𝐸=ε
         1.5 
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The parameter S
2
G is directly related to power factor (PF) which is in turn directly related to 
efficiency of energy conversion. 
𝑆2𝐺 = 𝐺(ε)
Δε
𝐾𝑇
 (
𝐾
𝑞
)
2 
𝑥2
𝑒𝑥
(𝑒𝑥+1)2
 ,where x = 
ε−µ
𝑞𝑇
      1.6 
 
Fig. 2.6 Plot of x vs F(x) = 𝑥2
𝑒𝑥
(𝑒𝑥+1)2
 [15]. 
It is evident that the function (Figure 2.6) attains a maximum around 2, pointing that the 
energy level ε should be placed at 2kT above the electrochemical potential. This yields a 
value of 170 µV/K, which is the value the best thermoelectric material is supposed to have. 
Placing the electrochemical potential of the material at the bottom of the band results in a 
higher Seebeck coefficient but on the other hand yields a poor conductivity. So there remains 
a necessity to optimise the position of electrochemical potential to optimise the power factor.  
In the field of thermoelectrics, Motts formula is often used to define the Seebeck coefficient, 
as it specifically focusses on degenerate semiconductors, a class of materials frequently 
experimented to attain high power factor.  
𝑆 =  
2
3
𝐾2𝑇
𝑞
𝑑 𝑙𝑛[𝜎(𝐸)]
𝑑𝐸
|
𝐸=𝐸𝐹
         1.7 
where 𝜎(𝐸) = 𝑞2 (𝐸) ∬ 𝜈𝑥
2  (E, κ𝑦, κ𝑧)dκ𝑦dκ𝑧 ≅  𝑞
2 (𝐸) ?̅?𝑥
2(𝐸)𝐷(𝐸)  
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Here σ  is the electrical conductivity, νx is the carrier velocity, κ refers to the momentum, and 
 represents the momentum-dependent relaxation time. To attain the best thermoelectric 
properties σ(E) within the Fermi window should be as high as possible to have a high 
electrical conductivity and at the same time, asymmetric with respect to Fermi energy level, to 
have a high Seebeck coefficient. 
When the Fermi energy level is at the edge of the conduction band (in n-type semiconductor), 
the density of states is asymmetric with respect to the Fermi level. Therefore, there are more 
states available for electron transport above the Fermi level. Hence, the Seebeck coefficient is 
high. But at the edge the density of states is less resulting in a low electrical conductivity. 
When the Fermi energy level is well above the edge of the conduction band (in n-type 
semiconductor), the density of states is almost symmetric with respect to the Fermi level. 
Hence, there are as many electrons below the Fermi level as above which results in a low 
Seebeck coefficient. At the same time, there is more density of states resulting in a high 
electrical conductivity.  
It is clear from this scrutiny that the shape of the density of states plays a major role in 
deciding the thermoelectric properties. Using lower dimensional semiconductors introduces 
spikes in the density of states, which brings asymmetry with respect to Fermi level and 
simultaneously high density of states. This strategy helps in maintaining high Seebeck 
coefficient and high electrical conductivity concurrently. Figure 2.7 shows the density of 
states pattern for semiconductors with different dimensionalities; 3 dimensional (3D), 2 
dimensional (2D), 1 dimensional (1D), and 0 dimensional (0D). Herein 0D semiconductor is 
expected to have the highest possible power factor and theoretically would meet the Carnot 
efficiency [16]. Carnot efficiency refers to the maximum theoretical efficiency when a system 
is operating between two different temperatures. 
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Fig. 2.7 Density of states as a function of energy for 3D, 2D, 1D, and 0D semiconductors 
[15].  
2.1.1 Thermoelectric parameters 
The Seebeck coefficient is defined as the electric potential generated at a unit temperature 
difference between the ends of the material.  
𝑆 =  
∆𝑉
∆𝑇
           1.8 
The Peltier effect is the inverse of the Seebeck effect, where current flowing through a 
material carries heat from one end to the other end of the material, thereby making the former 
end cooler and latter end warmer. The Peltier coefficient is defined as the rate of heat transfer 
when unit current flows through the material.  
П =
𝑞
𝐼
            1.9 
In thermoelectric generator or refrigeration, always there exists a temperature gradient along 
the material which results in a gradient in Seebeck coefficient. When a current is passed 
through it, then a continuous Peltier effect occurs. This is termed as Thomson effect. The 
following equation expresses the heat conduction per unit volume (q): 
𝑞 =  𝜌𝐽2 − 𝛽𝐽
𝑑𝑇
𝑑𝑥
          1.10 
 22 
 
where ρ is the resistivity of the material, J is the current density, dT/dx is the temperature 
gradient, and β is the Thomson coefficient. The first term in right side represents Joule 
heating per unit volume and the second term represents the Thomson heat.  
The above mentioned three parameters are related by the Kelvin relations 
𝑆 =
П
𝑇
             1.11 
𝛽 = 𝑇 
𝑑𝑆
𝑑𝑇
           1.12 
Thermoelectric materials are evaluated based on a dimensionless factor called figure of merit 
(ZT), which comprises all the essential thermoelectric properties and is defined as: 
𝑍𝑇 =
𝑆2 𝜎
𝐾
T           1.13 
It is directly related to the efficiency of energy conversion, which will be shown below. 
Following points are assumed in the determination of efficiency of a thermoelectric material: 
 One-dimensional transport of heat along the axis of the leg. 
 No heat loss to the surroundings by conduction or radiation. 
 Temperature independent properties, leading to a Thomson coefficient of zero. 
The heat input at the hot junction is given by the following equation, 
𝑄 = (𝑆𝑃 − 𝑆𝑁) 𝐼 𝑇𝐻 −  
1
2
 (𝑅𝑃 + 𝑅𝑁) 𝐼
2 + (𝐾𝑃 + 𝐾𝑁)(𝑇𝐻 − 𝑇𝐶)    1.14 
where TH is the temperature of the hot end, TC is the temperature of the cold end, SP is the 
Seebeck coefficient of the p-type material, SN is the Seebeck coefficient of the n-type 
material, RP is the resistance of the p-type material, RN is the resistance of the n-type material, 
KP is the thermal conductivity of the p-type material, and KN is the thermal conductivity of 
the n-type material. The first part on the right side is the contribution of Peltier heat 
absorption from the hot side, as the current flows from hot to cold end. The second part is the 
contribution from Joules heating, and the third part is the heat flow due to temperature 
difference between the ends.  
The power output (P) at the load side is given by 
𝑃 = 𝑅𝐿𝐼
2           1.15 
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where RL denotes the resistance of the external load that draws current. 
The current (I) generated by the TEG is defined as  
𝐼 =  
(𝑆𝑃− 𝑆𝑁) (𝑇𝐻− 𝑇𝑐)
𝑅𝑃+ 𝑅𝑁+ 𝑅𝐿
          1.16 
The voltage in absence of load or open circuit condition is given by  
∆𝑉 = 𝑛 ∫ (𝑆𝑃 −  𝑆𝑁) 𝑑𝑇
𝑇𝐻
𝑇𝐶
         1.17 
where n represents the number of thermoelectric couples. 
The efficiency (η) of a thermoelectric generator is defined as the ratio of the output power to 
the input power and is given by the following equations: 
𝜂 =  
𝑅𝐿𝐼
2
(𝑆𝑃− 𝑆𝑁)𝑇𝐻 𝐼− 
1
2
 (𝑅𝑃+𝑅𝑁) 𝐼2+(𝐾𝑃+𝐾𝑁)(𝑇𝐻−𝑇𝐶)
      1.18 
𝜂 =  
𝑅𝐿(
(𝑆𝑃− 𝑆𝑁) (𝑇𝐻− 𝑇𝑐)
𝑅𝑃+ 𝑅𝑁+ 𝑅𝐿
)
2
𝑇𝐻(
(𝑆𝑃− 𝑆𝑁)
2
 (𝑇𝐻− 𝑇𝑐)
𝑅𝑃+ 𝑅𝑁+ 𝑅𝐿
)−
1
2
 (𝑅𝑃+𝑅𝑁) (
(𝑆𝑃− 𝑆𝑁) (𝑇𝐻− 𝑇𝑐)
𝑅𝑃+ 𝑅𝑁+ 𝑅𝐿
)
2
+(𝐾𝑃+𝐾𝑁)(𝑇𝐻−𝑇𝐶)
   1.19 
The maximum efficiency (ηmax) is achieved when internal resistance of the TEG matches with 
the external load resistance, which leads to  
𝜂𝑚𝑎𝑥 =
𝑇𝐻−𝑇𝐶
𝑇𝐻
√(1+𝑍𝑇)−1
√(1+𝑍𝑇)+ 
𝑇𝐶
𝑇𝐻
         1.20 
where Z = S
2σ/K and T = (TH + TC)/2. 
2.2 Overview about thermoelectric materials 
Thermoelectric materials are based on their constituent elements broadly classified into two 
types: inorganic thermoelectric materials and organic thermoelectric materials. Inorganic 
materials include skutterudites, tellurides, selenides, silicon-germanium alloys, half Heusler 
alloys, clathrates, etc. Organic materials include intrinsically conducting polymers, conductive 
polymer composites, carbon nanotubes, graphene, etc.  
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Fig. 2.8 Proportion of various materials involved in thermoelectric research [10]. 
2.2.1 Inorganic thermoelectric materials 
2.2.1.1 Skutterudites 
Skutterudites refer to compound of type MX3, resembling a distorted version of AB3-type 
perovskite structure, with an octahedral framework and a void at its centre [17]. These voids 
can host large metal atoms, which can act as electron donor or electron acceptor. Hence, 
charge carrier concentration can be controlled just by controlling the concentration of the 
filling atom. These void filling atoms inflict lattice strain, which eventually reduces the 
thermal conductivity [18]. Type and concentration of this filling atom determines whether the 
compound is n-type or p-type semiconductor. For instance, in CoSb3, when Co is in excess to 
the stoichiometry, it behaves as n-type semiconductor, and when it is deficient it behaves as p-
type semiconductor. It is also shown that nanostructuring the grains enhanced the 
thermoelectric properties of CoSb3 system [19]. This is due to the enhanced scattering of 
phonons at the interface. A thermal conductivity of 1.61 W/(m∙K) is obtained for bulk CoSb3 
prepared from hydrothermally synthesized nanopowder [20]. Shi et al. [21] claimed a 
reduction in the lattice thermal conductivity by incorporating Ba and Yb atoms in the voids of 
a skutterudite structure, which facilitated a broad range of resonant phonon scattering. A ZT 
value of 1.36 is obtained for n-type BaxYbyCo4Sb12 at 527 °C. The multiple-filled skutterudite 
Ba0.08La0.05Yb0.04Co4Sb12 exhibits a ZT of 1.7 at 577 °C. Multiple filling of filler atoms is 
more efficient than single filling in reducing the lattice thermal conductivity [22]. These 
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materials exhibit a phonon-glass-electron-crystal (PGEC) characteristic, where a periodic 
cage-like structure allows free movement of electron as in an ideal crystal, and at the same 
time, a large, massive, and weekly bonded guest atom (rattler) hinders the transport of lattice 
vibrations [23]. 
2.2.1.2 Tellurides 
Tellurides (PbTe and Bi2Te3) are conventional state-of-the-art thermoelectric materials that 
have found application for more than 5 decades. Te-based materials exhibit comparatively 
low thermal conductivity (2.3 W/(m∙K) for PbTe and 1.7 W/(m∙K) for Bi2Te3) and a high 
Seebeck coefficient of ~500 µV/K at room temperature [10]. Owing to its minimal bandgap 
(~0.32 eV), PbTe can be tuned to exhibit n-type or p-type behaviour with suitable dopants. 
Pb-rich PbTe is an n-type semiconductor, while Te-rich PbTe is a p-type semiconductor. The 
dopant atoms create new electronic states in PbTe, thus distorting the electronic density of 
states and increasing the Seebeck coefficient (~290 µV/K in Tl doped PbTe and ~220 µV/K 
in undoped PbTe at 427 °C) [24].  
Incorporating 2 or more elements in a thermoelectric material can yield low thermal 
conductivity and a high power factor. For instance, a high power factor of ~4700 µW/(m∙K2) 
is obtained for Pb0.91Cr0.009Te co-doped with I, and a thermal conductivity of ~1.2 W/(m∙K) 
and a ZT value of ~2.2 at 277 °C are reported for this material [25]. Cr doping causes a 
distortion in the conduction band locally enhancing the density of states (DOS), while iodine 
tunes the position of the Fermi level to control the electron density near it. 
Strategies like nanostructuring [26] and grain-boundary refinement [27] are employed to 
attain high Seebeck coefficients and low thermal conductivities, respectively. A hierarchical 
architectural approach was embarked by Kanatzidis et al. [28] in a p-type PbTe-PbSr system, 
where they achieved a maximum ZT value of 2.2 at 642 °C. This study includes effects of 
phonon scattering at multiple length scale (atomic scale, mesoscale grain boundaries, and 
from nanoscale endotaxial precipitation) in addition to nanostructuring effects.  
Nanocomposite approach had been also explored using a compound MQ (M = Ge/Sn/Pb and 
Q = S/Se/Te). Nanoscale inclusions with a rock salt structure were dispersed in the matrix, 
which inhibits heat flow attributed to the strong acoustic phonon scattering at the matrix–
nanoinclusion interfaces without decreasing the carrier mobility [29]. Moreover, a consequent 
decrease in the lattice thermal conductivity was also observed. The nanoinclusions increased 
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ZT values up to 1.7 at 527 °C, which is primarily due to the lowering of the thermal 
conductivity without touching its electrical conductivity.  
In an approach by Sengupta et al. [30], where a layer of PbSe was coated over PbTe via a 
sonochemical method, the thermal conductivity (0.8 W/(m∙K)) was reduced as a consequence 
of increased scattering of phonons at the interfaces. In addition, the Seebeck coefficient 
increased up to 550 µV/K, which is 5 to 10 times higher than that of uncoated pristine PbTe. 
This increase is linked to their small size and the presence of interfaces.  
2.2.1.3 Si-Ge alloys 
Si-Ge alloys are intermetallic compounds possessing a diamond cubic structure. Owing to 
their high melting temperature of 1027 °C, they can be used for harvesting energy at high 
temperatures [10]. Their inherent high thermal conductivity is a stumbling block to be used as 
a thermoelectric material. Several strategies are implemented to lower the thermal 
conductivity. Intuitively, Wang et al. [31] synthesised fine-grained Si–Ge polycrystals, which 
resulted in a reduction in thermal conductivity (2.5-3 W/(m∙K)) almost by a factor of 2 when 
compared to its bulk counterpart. This reduction is attributed to the scattering of phonons at 
the crystal boundaries.  
Zhu et al. [32] established that nanosized grains in Si95Ge5 cause a reduction in thermal 
conductivity by a factor of 2 compared with the bulk sample, same as experienced by Wang 
[31]. The mean free paths of electrons and phonons in a highly doped nanostructured Si-Ge 
alloy were ~5 nm and 2 to 300 nm, respectively. In Si95Ge5 the mean free path of phonons of 
wavelengths > 1 nm were limited to 1 nm, thereby lowering the thermal conductivity.  
Similarly, n-type nanostructured Si-Ge bulk alloys exhibited a ZT of 1.3 at 900 °C; such a 
high value is attributed to the significantly low thermal conductivity arising from the 
scattering of phonons at the nanograin boundaries [31].  
Attempts to make the alloy porous to reduce their thermal conductivities had a negative 
impact on their electrical conductivities, thus resulting in a lower ZT. Other than in bulk 
counterparts, the charge carriers are scattered extensively from the pores in nanograin 
materials. The phonons are also scattered at the interfaces. Overall, the Seebeck coefficient 
increases owing to carrier energy filtering [33].  
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2.2.1.4 Half Heusler alloys  
Half Heusler (HH) alloys are also intermetallic compounds with MgAgAs-type cubic 
structure with three interpenetrating FCC sublattices, each occupied by three different atoms: 
first being a transition metal, a noble metal, or a rare earth element; second being a transition 
metal or noble metal; and third being a metalloid or a metal. The vacant atomic sites in HH 
alloys lead to the formation of narrow bands, which results in a d-orbital hybridization, and 
thus semiconducting character [34]. Most of the HH alloys possess narrow bandgaps between 
0.1 and 0.3 eV [35]. HH alloys have advantages of high Seebeck coefficients (~ 300 µV/K) 
and high electrical conductivity (10
3–104 S/cm) at room temperature, but have the 
disadvantage of relatively high thermal conductivity (~10 W/(m K)). They also have high 
melting point (1100–1300 °C) and exhibit good thermal stability (up to 1000 °C) [18, 36]. 
Though inorganic materials have high ZT value (up to 1.6 at room temperature [37]), they 
have several disadvantages, namely being expensive, rare, difficult to process, and inflexible. 
Table 2.1 shows the various stringent conditions to be taken care of while opting for the 
corresponding synthesis method. It is observed that in most of the methods high temperature, 
which denotes temperature above melting point, is required. Thus, stringent conditions and 
sophisticated and expensive equipment are required, which finally adds to the cost of product 
(Table 2.1). Only when theses stumbling blocks are overcome, these materials could find a 
place in the market.   
Table 2.1 Robust operating conditions required for various synthesis methods of inorganic 
thermoelectric materials [10]. 
Synthesis methods Suitable materials Stringent conditions 
melt and growth alloys very high temperature (> 
1000 °C), annealing and 
inert or vacuum 
atmosphere 
levitation or arc melting HH alloys, intermetallics inert atmosphere, 
annealing, post-processing 
mechanical alloying alloys high-energy ball milling, 
post-processing (hot 
pressing (HP) or spark 
plasma sintering (SPS)) 
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single crystal growth alloys very high temperature 
(>1000 °C), annealing and 
inert atmosphere 
strip casting rare earth alloys very high temperature 
(>1000 °C) and post-
processing 
chemical vapour deposition 
(CVD) 
chalcogenides low pressure or vacuum 
sputtering skutterudites, silicon, tellurides 
and selenides 
inert atmosphere 
atomic-layer deposition skutterudites, silicon, tellurides 
and selenides 
low pressure 
hydrothermal or solvothermal tellurides and selenides high pressure vessels and 
post-processing 
sol–gel process metal oxides, chalcogenides, 
and semiconductors 
post-processing 
 
2.2.2 Organic thermoelectric materials 
2.2.2.1 Intrinsically conducting polymers (ICP) 
2.2.2.1.1 Polyaniline (PANI) 
Polyaniline exists in three forms depending on the degree of oxidation, namely 
leucoemeraldine, emeraldine, and pernigraniline. Only the emeraldine form is conductive 
upon doping. The electrical conductivity and the Seebeck coefficient of PANI depends on the 
dopant concentration, orderliness of the polymer chains [38], and/or type of added 
nanoparticles. Hence, synthesis conditions play a crucial role in controlling the thermoelectric 
properties. Thermoelectric properties of PANI with different dopant and fillers and their 
morphologies are presented in the Table 2.2. It is observed that the selection of dopant is 
important in controlling the thermoelectric properties. Changes of about 6 orders of 
magnitude are observed when changing the dopant from HCl (hydrochloric acid) to 
camphorsulfonic acid (CSA). The morphology plays a supplementary role in tuning the 
thermoelectric properties. It is shown that stretched PANI films exhibit better thermoelectric 
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properties than the unstretched ones [39]. Nanostructuring PANI can also be an approach in 
tailoring thermoelectric properties, as observed when using β-naphthalene sulfonic acid as 
dopant [40]; a very high Seebeck coefficient of 212.4 µV/K was achieved, the highest value 
for PANI based material. But, it was accompanied with a substantial decrease in electrical 
conductivity. These outcomes could be attributed to the phenomenon of quantum confinement 
of electrons in the nanostructure, which increases the band gap. As a consequence Seebeck 
coefficient increases and electrical conductivity decreases. Hybridising organic 
semiconductors with other organic and inorganic nanoparticles have also been an approach to 
attain synergistic thermoelectric properties. Organic nanoparticles like graphite, graphene, or 
CNT have been used to improve the thermoelectric properties of the PANI composite. 
Electrical conductivity of ~ 100 S/cm and Seebeck coefficient of ~30 µV/K have been 
achieved [41-44]. It has to be mentioned that in these composites no dopants were used and 
hence the increase in thermoelectric properties are mainly attributed to the nanoparticles 
present. It was inferred that there is a slight increase in power factor when comparing to the 
unfilled but doped PANI. Similarly, inorganic nanoparticles have also found the way in an 
endeavour to enhance thermoelectric properties. Conventional thermoelectric materials like 
bismuth, bismuth telluride, lead telluride, etc. have been used in PANI composites. When 
physically mixed, as in the case of Bi0.5Sb1.5Te3 and bismuth, the power factors reached 80 and 
0.2 µW/(m∙K2), respectively. In case of PbTe, complemented by the effect of core-shell 
nanostructure, a high Seebeck coefficient of 600 µV/K was achieved, which is the highest 
Seebeck coefficient ever achieved for PANI composites. Conclusively, high power factors are 
achieved only at very high contents of conducting fillers (CNT, graphene and bismuth 
telluride). 
 Table 2.2 Thermoelectric properties of PANI and its composites. 
Filler Dopant Method of 
preparation 
 
(S/cm) 
S 
(µV/K) 
PF 
(µW/(m∙K2)) 
Ref. 
no HCl oxidative 
polymerisation 
10
−5
 -93 10
-6
 [45] 
no CSA casting 188 7 1 [39, 
46] 
no CSA casting and 
stretching 
260 14 5 [39, 
46] 
no CSA multilayered solution 180 14 3.5 [47] 
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casting 
no β-
naphthal
ene 
sulfonic 
acid 
nanotubes formation 
by oxidative 
polymerisation 
without template 
7.7 x 
10
-3
 
212.4 0.034 [40] 
Bi0.5Sb1.5Te3 
(93 wt%) 
HClO4 physical mixing and 
cold pressing 
30 160 80 [48] 
graphite (50 
wt%) 
HClO4 ball milling and cold 
pressing 
95 10 1.2 [44] 
bismuth (60 
wt%) 
CSA ball milling and 
casting 
10 14 0.2 [49] 
NaFe4P12 
nanowhisker
s (38 wt%) 
no in-situ emulsion 
polymerisation 
17 7.5 0.095 [50] 
NaFe4P12 
nano wire 
(38 wt%) 
no in-situ emulsion 
polymerisation 
6 15 0.135 [50] 
PbTe as core no in-situ interfacial 
polymerisation 
10
-6
 150 2 x 10
-6
 [51] 
PbTe as core 
and shell 
no in-situ interfacial 
polymerisation 
10
-2
 600 0.36 [51] 
MoS2 (0.65 
mol ratio) 
no solution mixing 0.5 10 0.005 [52] 
SWCNT (40 
wt%) 
no in-situ  
polymerisation 
125 40 20 [41] 
MWCNT (85 
wt%) 
no 2 step in-situ 
polymerisation 
115 28 5 [43] 
graphene (50 
wt%) 
no in situ 
polymerisation 
123 33.8 14 [42] 
CSA-camphorsulfonic acid 
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2.2.2.1.2 Polythiopene 
Polythiopene has a bandgap of 0.9 eV and its Seebeck coefficient is expected to range from -
100 µV/K to 140 µV/K by controlling the dopant concentration [53]. The thermoelectric 
properties of polythiopene based polymers depend on the orderliness, dopant concentration, 
and length of its side chains. Thermoelectric properties of polythiophene and its composites 
are shown in the Table 2.3. As the length of side chain increases, the effective content of 
conjugated main chains per unit volume decreases, hence thermoelectric properties decrease 
as well [54]. Thus, when comparing polythiophene, poly(3-methylthiophene), poly(3-
hexylthiophene) (P3HT), poly(3-octylthiophene), and poly(3-dodecylthiophene), as the size of 
the side chain increases the power factor goes down (Table 2.3). Shinora et al. proposed that 
alignment of molecules is more important than optimising length of side chain in obtaining 
higher ZT value [55]. They also observed that the conduction between polymer chains is the 
limiting factor in conduction and not the conductivity within a single chain. For polymers 
with conductivity more than 50 S/cm variable range hopping (VRH) behaviour was observed, 
and for those with less than 5 S/cm nearest distance hopping (NDH) and VRH behaviour was 
observed at low and high temperatures, respectively. A novel approach is blending two 
different types of polythiophenes, thereby controlling the density of states. Blending of P3HT 
and poly(3-hexylthio)thiophene (P3HTT) along with tetra-fluorotetracyanoquinodimethane 
(F4TCNQ) as dopant resulted in a slight increase in power factor and a high Seebeck 
coefficient of 700 µV/K, as shown in the Table 2.3 . Incorporation of conductive nanofillers is 
another approach in enhancing the thermoelectric properties. Bi2Te3 was used to produce n-
type composite, while others like CNTs, graphene or carbon fibre were used to produce p-
type composites. It is observed that only composites with Bi2Te3 and SWCNT could result in 
higher power factors compared to composites with MWCNT, graphene, and carbon fibre. In 
all the cases highest power factors were obtained at very high concentration of nanoparticles.  
Table 2.3 Thermoelectric properties of PTh and its composites. 
Type of PTh Nanoparticles Method of 
preparation 
σ  
(S/cm) 
S  
(µV/K) 
PF  
(µW/(m∙K2))  
Ref. 
polythieno[3,2-
b]thiophene 
no 
 
electrochemical 
polymerisation 
1.5  85 1.1 [56] 
polythiopene no 
 
solution casting 100 25 6.25 [54] 
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poly(3-
hexylthiophene
) 
no 
 
solution casting 0.8 28 0.06 [54] 
poly(3-
octylthiophene
) 
no 
 
solution casting 0.6 31.5 0.06 [54] 
poly(3-
dodecylthiophe
ne) 
no 
 
solution casting 0.3 40 0.05 [54] 
poly(thiophene
) 
no 
 
electrochemical 
polymerisation 
47 43 8.7 [57] 
poly(3-
methylthiophe
ne) 
no 
 
electrochemical 
polymerisation 
75 31 7.2 [57] 
P3HT and 0.2 
wt% F4TCNQ 
no 
 
solution mixing 0.0001
8 
580 0.006 [58] 
P3HT, 2 wt% 
P3HTT and 0.2 
wt% F4TCNQ 
no 
 
solution mixing 0.0001
5 
700 0.007 [58] 
PTh Bi2Te3 (95 
wt%) 
spark plasma 
sintering  
50 -145 105 [59] 
PTh MWCNT (50 
wt%) 
solution mixing 6.2 24 0.6 [60] 
PTh MWCNT (50 
wt%) 
in-situ oxidative 
polymerisation 
4.25 16 0.58 [60] 
PTh MWCNT (50 
wt%) 
ball milling 3.5 15 0.55 [60] 
PTh SWCNT (60 
wt%) 
wire-bar coating 500 38 72 [61] 
P3HT graphene (30 
wt%) 
in-situ oxidative 
polymerisation 
and cold pressed 
1 35 0.1 [62] 
poly(3- carbon fibre (50 polymer solution 4 140 7 [63] 
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octylthiophene
) 
wt%) cast onto carbon 
fibre sheet 
F4TCNQ -tetra-fluorotetracyanoquinodimethane  
2.2.2.1.3 Poly(3,4-ethylenedioxythiophene) (PEDOT) 
PEDOT is a part of polythiophene family. It is one among very few conducting polymers 
which are processable and stable at the same time exhibiting very high electrical conductivity 
of up to 10
3
 S/cm [64]. PEDOT has been synthesised by a variety of methods namely 
electrodeposition [65], interfacial polymerisation [66], vapour phase polymerisation (VPP) 
[67], vacuum vapour phase polymerisation (VVPP)[68], chemical polymerisation [69], etc. In 
most of the studies, thermoelectric properties were optimised either by controlling the 
oxidation level by varying the electrochemical potential [68, 70] or by controlling the 
concentration of reductant used in post treatment [69]. Table 2.4 presents the thermoelectric 
properties of PEDOT and its composites. The approach of using nanoparticles with high 
intrinsic thermoelectric properties, for instance PbTe [66], SWCNT [67], and graphene [71], 
was also explored. Park et al. [70] attained a huge power factor of 1270 µW/(m K
2
)
 
. The 
triblock copolymer poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene 
glycol) (PEPEG) used here inhibits crystallisation of the oxidant molecules, slows down the 
polymerisation rate, and hence decreases the defects in the conducting polymer chain. This 
helps to maintain high electrical conductivity and high Seebeck coefficient simultaneously. It 
is inferred that electrochemical post treatment coupled with long range molecular ordering 
yields high power factor.  
Table 2.4 Thermoelectric properties of PEDOT and its composites. 
Type of 
PEDOT 
Nanoparticles 
/ Conditions 
Method of 
preparation 
σ  
(S/cm) 
S 
(µV/K) 
PF 
(µW/(m∙K2)) 
Ref. 
PEDOT 
nanowire
s 
no lithographically 
patterned nanowire 
electrodeposition 
7.6 -69 3.6 [65] 
PEDOT 
nanotube
s 
no interfacial 
polymerisation and 
cold pressed 
0.0006
4 
-4088 1.07 [66] 
PEDOT 
nanotube
28.7 wt% 
PbTe  
in-situ interfacial 
polymerisation and 
0.23 -2500 1.44 [66] 
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s cold pressed 
PEDOT-
Tos 
no, pH 4 VVPP 850 17.5 26 [68] 
PEDOT-
Tos 
no, pH 7 chemical 
polymerisation and 
spin coating 
600 23.5 33.135 [68] 
PEDOT-
Tos 
no chemical 
polymerisation, 
spin coating and 
TDAE reduction 
70 215 325 [69] 
PEDOT-
Tos / 
PEPEG 
no chemical 
polymerisation, 
spin coating and 
electrochemical 
oxidation 
1250 100.8 1270 [70] 
PEDOT-
Tos 
35 wt% 
SWCNT 
VPP 781 22 37.8 [67] 
PEDOT-
Tos 
35 wt% 
SWCNT 
VPP and 
NaBH4/DMSO 
treatment 
322 37 44.1 [67] 
PEDOT-
Cl 
16 wt% rGO in-situ 
polymerisation 
50 32.3 5.2 [71] 
TDAE- tetrakis(dimethylamino)ethylene.  
2.2.2.1.4 Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS ) 
PEDOT:PSS combines high electrical conductivity, optical transparency, environmental 
stability, excellent thermal stability, and easy handing [8]. It is environmental friendly 
processable as it is dispersible in water. PEDOT:PSS is synthesised by chemical 
polymerisation method in water with water soluble oxidants like iron(III) sulphate, iron(III) 
chloride, etc. [64]. Like PEDOT, it is important to control the doping level and morphology to 
optimise the thermoelectric properties. Several strategies in this direction have been tried. 
Table 2.5 shows the thermoelectric properties of PEDOT:PSS and its various composites. 
Adding a fraction of ethylene glycol (EG) or dimethyl sulfoxide (DMSO) promotes a 
mammoth increase of electrical conductivity [72]. Acidic dopants like H2SO4 [73], choline 
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chloride [74], etc. increase the electrical conductivity, while basic dopants like NaBH4, 
hydrazine, Na2SO3 [75], etc. increase the Seebeck coefficient . Ionic liquids such as 1-butyl-3-
methylimidazolium tetrafluoroborate ((bmim)BF4) and 1-butyl-3-methylimidazolium bromide 
((bmim)Br) have also been shown to increase the electrical conductivity [76]. Combination of 
ionic liquid (1-ethyl-3-methylimidazolium tetrafluoroborate (EMIMBF4)) and DMSO 
increases the electrical conductivity further, leading to a high power factor [77]. Incorporating 
conducting nanoparticles with high intrinsic Seebeck coefficient like SWCNT [78], rGO [79], 
Te [80], Bi2Te3 [81], Ge [82], MoS2 [83], etc. is also an approach to improve the 
thermoelectric properties. Ultimately, combining 2 strategies of incorporating nanoparticles 
and DMSO addition have proven to be the best way to improve thermoelectric properties [78].  
Table 2.5 Thermoelectric properties of PEDOT:PSS and its composites. 
Type of 
additive 
Nanoparticles Method of 
preparation 
σ 
(S/cm) 
S 
(µV/K) 
PF 
(µW/(m∙K2))  
Ref. 
DMSO  no solution mixing and 
spin coating 
960 66 420 [72] 
EG no solution mixing and 
spin coating 
800 65 340 [72] 
 no drop casting and 
H2SO4 surface 
treatment 
2625 18 85.05 [73] 
 no drop casting and 
surface treatment 
with choline 
chloride and urea 
87 30 7.8 [74] 
 no drop casting and 
surface treatments 
with NaBH4 
followed by EG 
0.1 104 0.1 [75] 
 no drop casting and 
surface treatments 
with hydrazine 
followed by EG 
0.1 92 0.085 [75] 
 no drop casting and 139.7 70 68.45 [75] 
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surface treatments 
with Na2SO3 
followed by EG 
60 wt% 
(bmim)B
F4 
no solution mixing and 
casting 
170 22.1 8.3 [76] 
70 wt% 
(bmim)B
r 
no solution mixing and 
casting 
120 28.7 9.9 [76] 
 no spin coating 
followed by surface 
treatment 1:1(vol. 
ratio) EMIMBF4 : 
DMSO  
700 23.4 
 
38.46 [77] 
 60 wt% 
SWCNT 
 1306 35 160 [84] 
 6.7 wt% 
SWCNT 
DMSO treatment 1333 59 464 [78] 
 6.7 wt% 
SWCNT 
formic acid 
treatment 
1396 54 407 [78] 
5 vol%  
DMSO 
84 wt% Te   40 160 102.4 [80] 
 25 wt% Bi2Te3  sandwich drop 
casting 
222 14.9 5 [81] 
 10 wt% Bi2Te3 solution mixing 401 16.3 10.6 [81] 
 4 wt% MoS2  solution mixing and 
filtration 
1200 19.5 45.6 [83] 
 29.6 wt% Ge solution mixing 600 52 165 [82] 
 2 wt% rGO solution mixing 32.13 58.77 11.09 [85] 
 3 wt% rGO solution mixing, 
filtration and 
reduction with 
hydrazine  
1007 23 53.3 [79] 
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2.2.2.2 Conductive polymer composites  
Conductive polymer composites refer to composites based on insulating polymers and 
electrically conductive fillers. They are interesting as the intrinsic thermoelectric properties of 
the conducting nanoparticles can be realised in the composites. On the other hand, often 
Seebeck coefficient of conducting nanoparticles is masked partially when added to conducting 
polymers [84]. Even though only very highly filled composites [86] yield power factors 
comparable to composites based on intrinsically conducting polymers, these composites are 
attractive as they can be processed easily and can be upscaled to mass production. Another 
advantage of using insulating polymers as matrix is that they can switch the p-type behaviour 
of conducting nanoparticle to n-type behaviour [87-89]. This phenomenon makes it easier to 
construct thermoelectric generators (TEG). Widely studied conducting nanoparticles are 
SWCNT and graphene and allied materials. These composites are produced by melt mixing 
[90], probe sonication and solution casting [87], ball milling and solution casting [86], 
extrusion [91] or, 3D printing [92]. It is seen that at comparable concentrations SWCNT 
composites have higher power factor than graphene based composites. Table 2.6 shows the 
thermoelectric properties of insulating polymer nanocomposites. It is observed that highest 
power factors are obtained for composites with very high SWCNT contents of 50 wt% or 
more. By addition of polyethylene glycol (PEG) or polyethylene imine (PEI) their p-type 
behaviour could be switched to n-type behaviour [88], [89].  
Table 2.6 Thermoelectric properties of insulating polymer/conductive filler nanocomposites. 
Nanoparticles Method of 
preparation 
σ 
(S/cm) 
S 
(µV/K) 
PF 
(µW/(m∙K2)) 
Ref
. 
SDBS/20 wt% 
SWCNT/10 wt% PEI/10 
wt% PVAc 
probe sonicated and 
cast 
12 72 6.22 [87] 
PVAc/10 wt% SWCNT, 
10:1 SWCNT: GA 
probe sonicated and 
cast 
9 40 1.44 [93] 
PC/2.5 wt% MWCNT-
OH 
melt mixing 0.073 
 
8.5 
 
5.27E-04 [90] 
PC/2.5 wt% MWCNT melt mixing 0.069 7.5 3.88E-04 [90] 
PVC/40 wt% 
SWCNT/hydrazine  
probe sonication and 
casting 
 -52  [94] 
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PS/ 75 wt% SSWCNT  ball milling 1228 58 413 [86] 
PS/ 50 wt% SWCNT ball milling and 
casting 
220 56 69 [86] 
PS/50 wt% MWCNT ball milling and 
casting 
30 52 8.1 [86] 
PP/4 wt% SWCNT melt mixing 0.53 35.1 6.53 [88] 
PP/2 wt% SWCNT/5 wt 
% CuO/10 wt% PEG 
melt mixing 0.2 -56.6 6.41 [88] 
PVDF/80 wt% FLG probe sonication and 
casting 
16 18 0.52 [95] 
PS/50 wt% ExG probe sonication and 
casting 
9  3
0 
0.81 [89] 
PS/50 wt% ExG/PEI probe sonication and 
casting 
12 -16 0.3 [89] 
PMMA/50 wt% ExG probe sonication and 
casting 
10.5 28 0.82 [89] 
PMMA/50 wt% 
ExG/PEI 
probe sonication and 
casting 
12 -15 0.27 [89] 
PC/50 wt% ExG probe sonication and 
casting 
11.5 24 0.66 [89] 
PC/50 wt% ExG/PEI probe sonication and 
casting 
13.5 -13 0.23 [89] 
PLA/94.94 wt% WC 3D printed 40 -12.5 0.63 [92] 
PVDF/66.7 wt% Bi2Se3 probe sonication and 
casting 
51 -80 32.6 [96] 
PLA/87.5 wt% 
Bi0.5Sb1.5Te3 
solution mixing and 
extrusion 
1.75 200 7 [91] 
SDBS- sodium dodecylbenzenesulfonate, PVAc- polyvinyl acetate, GA- gum arabic, PC- 
polycarbonate, PVC- polyvinyl chloride, PS- polystyrene, SSWCNT- semiconducting 
SWCNT, PP- polypropylene, PVDF- polyvinylidene fluoride, FLG- few layer graphene, 
ExG- expanded graphite, PMMA- polymethyl methacrylate, PLA- polylactic acid. 
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3. Experimental 
3.1 Materials 
Graphite flake (99% purity, median: 7-10 micron), sodium nitrate (ACS reagent, ≥99.0%), 
sodium persulfate (reagent grade, ≥99.0%), potassium permanganate (ACS reagent, ≥99%), 
hydrogen peroxide (30 wt% solution), sulphuric acid (96%), ammonium hydroxide solution 
(28%), vanadium(III) chloride (97%), silver acetate (≥99%), copper(II) acetate (99.99%), 
tellurium dioxide (≥99%), TiO2 (99.7%), citric acid (99%), L-ascorbic acid (99%), 
polystyrene-block-poly(ethylene-random-butadiene)-block-polystyrene (SEBS) with a weight 
average molecular weight (Mw) of 118,000 g/mol and 29 mol% of styrene, hydrazine 
monohydrate (64-65 % hydrazine, reagent grade, 98% purity), ethylene glycol (ReagentPlus, 
≥99%), DMSO (ACS reagent, ≥99%), and tetrahydrofuran (ACS reagent, ≥99%), all the 
above chemicals were purchased from Sigma-Aldrich. CuO (Fluka, 99.5%), polystyrene-
block-polybutadiene-block-polystyrene (SBS) granules (KRATON D1102 A) with a melt 
flow rate of 8 g/10 min and styrene content of 28.5 wt%, TUBALL singled walled carbon 
nanotubes (SWCNTs, OCSiAl Ltd., Russia) with an average diameter of 1.8 nm and length of 
5 µm, and CLEVIOS PH1000 PEDOT:PSS dispersion (Heraeus):1-1.5 wt% solid content and 
PEDOT to PSS ratio= 1:2.5 (by weight) were used as received. 
3.2 Methods 
3.2.1 Synthesis of nanoparticles 
3.2.1.1 Synthesis of Te 
Te was synthesised by a procedure slightly modified from that of Zhang et al [97]. In a typical 
experiment, 0.5 g of TeO2 was taken in a round bottom flask with a magnetic stirrer. 80 ml of 
ethylene glycol was added to it. Nitrogen gas was bubbled into the mixture to drive out 
oxygen. Then, it was placed in an oil bath at 150 °C. Once the mixture turned clear, indicating 
dissolution of TeO2, 0.77 g of hydrazine hydrate was added. The reaction was carried out for 
8 hrs. Finally, the resultant slurry was filtered, washed with acetone several times, and dried 
in vacuum oven overnight at 50 °C to yield a shiny grey powder. The yield of the reaction 
was 0.38 g. 
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3.2.1.2 Synthesis of graphite oxide (GO) 
Graphite oxide was synthesised using a modified Hummer’s method [98]. 1 g graphite flakes 
and 0.5 g NaNO3 were mixed together followed by the addition of 23 ml conc. H2SO4 under 
constant stirring. After 1 hour, 3 g of KMnO4 was added gradually, keeping the temperature 
less than 20 °C to prevent overheating and explosion. The whole mixture was stirred at 35 °C 
for 12 hrs and the resulting solution was diluted by adding 500 ml of distilled H2O under 
vigorous stirring. To complete the reaction with KMnO4, the suspension was further treated 
with 5 ml of 30 % H2O2 solution. The resulting solution was washed with dil. HCl and H2O, 
respectively, followed by filtration and freeze drying for 2 days. A blackish-brown product 
with a yield of 2.1 g was obtained. 
3.2.1.3 Synthesis of vanadium salt reduced GO (rGO_V) 
100 mg of graphene oxide was taken in 130 ml of methanol and the mixture was sonicated in 
a Bandelin sonorex digitec ultrasonic bath with a maximum power output of 480 W for 30 
mins at room temperature, followed by the addition of calculated amount of VCl3 .Then 1 ml 
of ammonium hydroxide was added and then the dispersion was probe sonicated using a 
UP400S (power 400 W, Hielscher Ultrasonics GmbH, equipped with an H7 ultrasonic horn, 
amplitude 50%, cycle 0.5) for 10 mins. The whole dispersion was transferred to a glass 
cylinder with a fill factor of 72% by volume which was placed in an autoclave sealed with 
Teflon tape. The reaction was carried out at 180 °C for 6 hrs.  
After the reaction the autoclave was allowed to reach the room temperature and the dispersion 
was taken out. The dispersion was sonicated in the same ultrasonic bath for 10 mins and then 
washed with water by filtering under vacuum. This process was carried out 3 times to get rid 
of the residual vanadium ions. Finally, the resulting powders were dried at 60 °C for 24 hrs 
under vacuum. Nanoparticles are designated as rGO_V_x mM, where x indicates the 
millimoles of VCl3 used during the synthesis. The yields were 69 mg, 65 mg, 64 mg, 81 mg, 
and 85 mg at a VCl3 concentration of 1 mM, 2 mM, 4 mM, 8 mM, and 12 mM, respectively. 
3.2.1.4 Synthesis of silver modified rGO (rGO_Ag) 
In a typical synthesis procedure of rGO_Ag, 30 mg of graphene oxide was taken in 40 ml of 
methanol and the mixture was sonicated in a Bandelin sonorex digitec ultrasonic bath with a 
maximum power output of 480 W for 30 mins, followed by addition of calculated amount of 
silver acetate. Then 1.5 ml of ammonium hydroxide solution was added and then the 
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dispersion was probe sonicated using a UP400S (power 400 W, Hielscher Ultrasonics GmbH, 
equipped with an H7 ultrasonic horn, amplitude 50%, cycle 0.5) for 10 mins. The whole 
dispersion was transferred to a Teflon cylinder which was placed in an autoclave sealed with 
Teflon tape. The reaction was carried out at 180 °C for 6 hrs.  
After the reaction, it was purified following the same procedure as rGO_V. Nanoparticles are 
designated as rGO_Ag_x mM, where x indicates the millimoles of silver acetate used during 
the synthesis. The yields were 28 mg, 37 mg, 51 mg, and 77 mg at a silver acetate 
concentration of 1 mM, 2 mM, 4 mM, and 8 mM, respectively. 
3.2.1.5 Synthesis of copper modified rGO (rGO_Cu) 
In a typical synthesis procedure of rGO_Cu, 50 mg of GO was dispersed in 70 ml of methanol 
by using a Bandelin sonorex digitec ultrasonic bath with a maximum power output of 480 W 
for 30 mins. 1 mM copper acetate (13 mg) was added to the dispersed solution followed by 50 
μL 30% ammonium hydroxide solution and the dispersion was probe sonicated using a 
UP400S (power 400 W, Hielscher Ultrasonics GmbH, equipped with an H7 ultrasonic horn, 
amplitude 50%, cycle 0.5) for 10 mins. The whole mixture was transferred into a Teflon lined 
stainless steel autoclave (Carl Roth high pressure autoclave model II, 200 ml volume) and the 
reaction was continued for 6 hrs at 180
o
C. After the autoclave reached room temperature the 
precipitate was collected, washed with methanol and water several times, and vacuum dried at 
60
o
C for 24 hrs. The yields were 31 mg, 33 mg, 34 mg, 31 mg, and 48 mg at a copper acetate 
concentration of 1 mM, 2 mM, 4 mM, 8 mM, and 20 mM, respectively. Nanoparticles are 
designated as rGO_Cu_x mM, where x indicates the millimoles of copper acetate used during 
the synthesis. 
3.2.1.6 Synthesis of reduced graphite oxide (rGO) 
rGO was synthesised like other modified rGOs, but without the addition of metallic 
precursors. In a typical synthesis procedure of rGO, 100 mg of graphene oxide was taken in 
130 ml of methanol and the mixture was sonicated in a Bandelin sonorex digitec ultrasonic 
bath with a maximum power output of 480 W for 30 mins at room temperature. Then 1 ml of 
ammonium hydroxide was added and then the dispersion was probe sonicated using a 
UP400S (power 400 W, Hielscher Ultrasonics GmbH, equipped with an H7 ultrasonic horn, 
amplitude 50%, cycle 0.5) for 10 mins. The whole dispersion was transferred to a glass 
cylinder with a fill factor of 72% by volume which was placed in an autoclave sealed with 
Teflon tape. The reaction was carried out at 180 °C for 6 hrs.  
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After the reaction the autoclave was allowed to reach the room temperature and the dispersion 
was taken out. The dispersion was sonicated using a UP400S (power 400 W, Hielscher 
Ultrasonics GmbH, equipped with an H7 ultrasonic horn, amplitude 50%, cycle 0.5) for 10 
mins and then washed with water by filtering under vacuum. This process was carried out 3 
times to get rid of the residual vanadium ions. Finally, the resulting powders were dried at 60 
°C for 24 hrs under vacuum. The yield was 74 mg. 
 
3.2.2 Preparation of nanocomposites 
3.2.2.1 Preparation of PEDOT:PSS nanocomposites  
To 5 ml of PEDOT:PSS aqueous dispersion, the required amount of nanoparticle (SWCNT, 
Te, TiO2 or CuO) was added and the dispersion was sonicated for 30 mins with a probe 
ultrasonicator (UP400S, power 400 W, Hielscher Ultrasonics GmbH, equipped with an H7 
ultrasonic horn, amplitude 50%, cycle 0.5). The mixture was drop casted on a well cleaned 
glass substrate and dried at 40 °C for 3 hrs in a hot air oven. Glass slides before being coated 
were cut to a dimension of 25 mm x 25 mm and were cleaned with successive use of soap 
water, ethanol, and acetone for 10 mins each under bath sonication. The wet glass slides were 
then dried using pressurized air. The resulting films were almost of the size of the glass 
substrate, 25 mm  25 mm, and varied in thickness between 1 and 10 µm. In case of dimethyl 
sulfoxide (DMSO) modified samples, 5 vol% of DMSO with respect to PEDOT:PSS 
dispersion was added prior to probe sonication. This method was followed to prepare 
PEDOT:PSS/SWCNT, PEDOT:PSS/Te, PEDOT:PSS/TiO2, and PEDOT:PSS/CuO 
composites.  
3.2.2.2 Preparation of PEDOT:PSS films doped with citric acid or L-ascorbic acid 
To 5 ml of PEDOT:PSS aqueous dispersion, the required amount of citric acid or L-ascorbic 
acid was added and the mixture was heated at 80 °C for 4 hrs. Subsequently, the dispersion 
was drop casted on a well cleaned glass substrate and dried at 40 °C for 3 hrs. The glass 
substrates were cleaned as explained in previous section. 
3.2.2.3 Preparation of nanocomposites based on rGO and modified rGO 
Calculated amount of rGO or modified rGO was added to 10 ml of 2 wt% solution of SBS in 
THF. The mixture was sonicated in a probe ultrasonicator (UP400S, power 400 W, Hielscher 
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Ultrasonics GmbH, equipped with an H7 ultrasonic horn, amplitude 50%, cycle 0.5) for 10 
minutes and then casted in a Petri dish and dried at 40 °C overnight. The sample was peeled 
off from the petri dish to obtain a free standing film which had a thickness of around 0.02 to 
0.2 mm. The same procedure was followed for SEBS composites. 
3.2.2.4 Preparation of nanocomposites based on SWCNT 
Calculated amount of SWCNT was added to 50 ml of 0.5 wt% solution of SBS in THF. The 
mixture was sonicated using a UP400S (power 400 W, Hielscher Ultrasonics GmbH, 
equipped with an H7 ultrasonic horn, amplitude 50%, cycle 0.5) for 30 minutes and then 
casted in a Petri dish and dried at 40 °C overnight. The sample was peeled off from the petri 
dish to obtain a free standing film. This film was cut into small pieces and pressed into a 
square plate of lateral dimension of 50 mm and thickness of 0.2 mm at 180 °C at a load of 40 
kN for 3 minutes using a PW 40 EH press (Paul Otto Weber GmbH, Germany). The plates 
were cooled immediately after de-moulding with a minichiller set to -6 °C for 90 s. The same 
procedure was followed for SEBS composites. 
3.2.3 Generator Prototype fabrication 
Strips with a dimension of 25 mm  5 mm were cut from the pressed plates of both p- and n-
type composites. In first prototype, Module 1 (Figure 3.1a), strips of p- and n-type material 
were mounted parallel in same plane onto two separate copper blocks with one end on one 
block and other end on the other. The copper block and the strips were sandwiched by an 
electrically insulating but thermally conducting paste (GC-Extreme Thermal Compound, 
GELID solutions), which was delicately applied using a syringe. P- and n-type strips were 
connected using silver paste (Acheson silver DAG 1415M, agar scientific) and aluminium foil 
to ensure ohmic contact. The outer ends were connected to the copper block using silver 
paste. The setup establishes parallel connectivity of samples with heat applied and series 
connectivity of samples with voltage generated. Module 2 (Figure 3.1b) was constructed by 
placing the p-type and n-type material one above the other with ends connected in a zigzag 
manner. The ends were connected by applying silver paste followed by drops of THF and 
pressure. Scotch tape was used as an insulating layer. The outer ends were connected to the 
device using copper wires. The generator was placed between the copper blocks with the 
thermal paste applied in between to ensure good thermal contact. 
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Fig. 3.1 Schematic representation of 2 modes of generator construction, (a) Module 1 and (b) 
Module 2. 
3.3 Characterizations 
3.3.1 Electrical conductivity 
The electrical conductivity (𝜎) is a measure of the materials' ability to allow the flow of 
current. It is inversely proportional to the electrical resistivity (ρ). The typical methods to 
determine the electrical conductivity are 2-point probe method, 4-point probe method, and the 
van der Pauw method. 
Figure 3.2a shows the set-up of a typical 2-point probe method. Here, the voltmeter and 
ammeter are connected in series with the sample. When the sample is connected to the 
terminals of ammeter or voltmeter, the contacts (marked as 1 and 2) are not always perfect 
which gives rise to contact resistance. Equivalent circuit diagram is shown in Figure 3.2b. In 
this set-up the current flowing through the sample is measured accurately. But the voltage 
measured also includes the voltage drop across the contacts, as shown in Equation 3.1. If the 
resistance of the sample is lower in comparison with the contact resistance, then the error is 
significantly high. On the other hand, if the resistance is higher in comparison with the contact 
resistance, then the error is negligible. In principle, 2-point probe resistance measurement is 
only suitable for samples with high resistance (> 100 kOhm), where the contact resistance 
could be ignored.  
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Fig. 3.2 a) 2-point probe set-up for electrical conductivity measurement and b) its equivalent 
circuit diagram. 
𝑉 = 𝐼(𝑅 + 𝑅1 + 𝑅2)          3.1 
Figure 3.3a shows the set-up of a typical 4-point probe method. In this method the voltmeter 
and ammeter are connected in series with the sample, but they are parallel to each other. In 
this set-up, the influence of contact resistance is negated by measuring voltage through 
different terminals than that of current supplied. Equivalent circuit diagram is shown in Figure 
3.3b. Also in this set-up the current flowing through the sample is measured accurately. The 
voltage measured is shown in Equation 3.2. Here, the current flowing through resistances R2 
and R3 is very less as voltmeter has high internal resistance. So the potential drops across 
these contact points are also low. Hence, the error from the contact resistance is negligible. In 
principle, 4-point probe method is relevant for the samples with low resistance (< 100 kOhm). 
             
Fig. 3.3 a) 4-point probe set-up for electrical conductivity measurement and b) its equivalent 
circuit diagram. 
𝑉 = 𝐼𝑣(𝑅2 + 𝑅3) + 𝐼𝑅……(I>>Iv)        3.2 
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From the resistances obtained by the above methods, electrical resistivity (ρ) and conductivity 
(σ) is calculated by the Equation 3.3.  
𝜌 =
𝑅𝐴
𝑙
 , 𝜎 =
1
𝜌
          3.3 
where A refers to the cross-sectional area and l refers to the distance between the inner 
electrodes. 
Figure 3.4 shows the fixtures used in measuring the electrical conductivity. The one in the left 
(3.4a), Keithley 8009, is used to measure low resistive samples (<10
10
 Ohm). The electrodes 
are arranged in a manner as explained in Figure 3.3a. The other one (3.4b), Keithley 8002A, is 
used to measure through plane conductivity for samples which possess high resistance (>10
10
 
Ohm). In the Keithley 8009 fixture, the external source electrodes are spaced 16 mm apart and 
the inner measuring electrodes are spaced 10 mm apart. In the Keithley 8002A fixture, the 
diameter of the upper and lower circular electrodes are 30 mm. The former one is connected 
to Keithley DMM 2001 multimeter, while the latter is connected to Keithley 6517A 
electrometer.  
   
Fig. 3.4 Fixtures for measuring a) low resistive samples (Keithley 8009) and b) high resistive 
samples (Keithley 8002A). 
3.3.2 Powder conductivity 
Powder conductivity refers to the electrical conductivity of powders measured under a certain 
pressure. The powder conductivity of the rGO and modified rGOs were measured by the 
powder conductivity measurement set-up (Figure 3.5) self-made at Leibniz Institute of 
Polymer Research Dresden (IPF). About 50 mg of the powder to be investigated is dropped 
into a cylinder having a cylindrical channel of 40 mm height and 5 mm diameter and placed 
over the stationary electrode. The powder is compressed between two electrodes with 5 mm 
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diameter in which the top electrode is movable and it applies a defined load on the sample. 
The electrode distance and the electrical conductivity are measured between the top and 
bottom electrode at different load (or pressure) using a Keithley 2001 multimeter. The device 
control and data acquisition is carried out with the help of custom-made software. Electrical 
conductivity was measured at 5, 10, 20, 25, 30 MPa, but in this work only the values at 10 
MPa were used for comparison of different materials. 
 
Fig. 3.5 Powder conductivity measurement set-up. 
3.3.3 Seebeck coefficient 
The Seebeck coefficient is defined as the potential difference developed at a unit temperature 
difference. 
𝑆 =  
∆𝑉
∆𝑇
           3.4 
Seebeck coefficients are determined in reality by measuring the potential difference measured 
by a voltmeter through a wire whose Seebeck coefficient is known, and temperature 
difference by thermocouples. Figure 3.6 shows the schematic representation of the set-up of 
the Seebeck coefficient measurement, where A represents the material under investigation and 
B represents the material with known Seebeck coefficient. 
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Fig. 3.6 Schematic set-up of Seebeck coefficient measurement. 
The expression for the determination of Seebeck coefficient is shown below. 
𝑈 = 𝑈13 + 𝑈12 + 𝑈23 
𝑈 = 𝑆𝑏(𝑇3 − 𝑇1) + 𝑆𝑎(𝑇1 − 𝑇2) + 𝑆𝑏(𝑇2 − 𝑇3) 
𝑈 = 𝑆𝑏(𝑇2 − 𝑇1) + 𝑆𝑎(𝑇1 − 𝑇2) 
𝑈 = (𝑆𝑎 − 𝑆𝑏)(𝑇1 − 𝑇2)         3.5 
Here U denotes the total potential drop across the voltmeter, U13 denotes potential drop across 
one end of the sample (terminal 1) which is at temperature T1 and voltmeter (terminal 3) 
which is at temperature T3, U12 denotes potential drop across the sample, U23 denotes 
potential drop across one end of the sample (terminal 2) which is at temperature T2 and 
voltmeter (terminal 3) which is at temperature T3. Sa denotes the Seebeck coefficient of the 
sample to be measured and Sb denotes the known Seebeck coefficient of the wire.  
The Seebeck coefficient measuring device shown in Figure 3.7 was built at the IPF. Figure 
3.7a shows the top view of the main operating part. Figure 3.7b shows the slot, where the 
sample is to be mounted. The sample is gently slid in the gap between copper blocks and the 
plastic block perpendicularly and tightened. Copper blocks have their individual micro heaters 
and they are connected to controllers which allow measurement and control of the 
temperature. The device is connected to a Keithley DMM 2001 multimeter for the 
measurement of the voltage and electrical resistance. 
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Fig. 3.7 Photograph of the a) operating part and b) sample mounting part of the Seebeck 
measurement set-up. 
Three modes of measurement are available in this instrument (Figure 3.8). The potential 
difference in presence of a temperature gradient is always measured across the two copper 
blocks. Two point electrical conductivity is calculated by measuring the potential and current 
across the copper blocks with voltmeter and ammeter in series. Four point electrical 
conductivity is calculated by measuring potential across top of the surface and current across 
the copper blocks from the bottom of the sample.  
 
 
Fig. 3.8 Modes of measurements in Seebeck measurement set-up, a) Thermal voltage 
measurement mode, b) Two point electrical conductivity mode, and c) four point electrical 
conductivity mode. 
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In a typical Seebeck coefficient measurement experiment, one of the copper blocks is held at 
a constant temperature (Tsens1) at which Seebeck coefficient is to be measured, while the other 
(Tsens2) is varied in steps of 2 °C. Figure 3.9 shows the scheme how temperatures of both the 
copper blocks are varied. For instance, to measure Seebeck coefficient at 40 °C, Tsens1 is set at 
40 °C and Tsens2 varies from 33 °C to 47 °C in steps of 2 °C, which yields a corresponding 
temperature difference of -7 K, -5 K, -3 K, -1 K, 1 K, 3 K, 5 K, and 7 K. At every instant of 
Tsens2 the voltage is measured. The slope from the plot of voltage vs. temperature difference 
gives the Seebeck coefficient at Tsens1. Then Tsens1 is changed to another desired temperature 
and the same procedure is followed to measure Seebeck coefficient at several other 
temperatures. Electrical conductivity is measured when Tsens1 and Tsens2 are the same. 
 
Fig. 3.9 Temperature settings in a typical Seebeck coefficient measurement. 
 3.3.4 Thermal conductivity 
Fourier’s law of heat conduction states that the rate of heat transfer (Q) through a material of 
unit cross-sectional area (A) is proportional to the negative gradient in the temperature 
(dT/dx). 
𝑄 = −𝐾𝐴
𝑑𝑇
𝑑𝑥
           3.6 
K denotes the thermal conductivity.  
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Laser flash method was used to measure the thermal conductivity using a NETZSCH LFA 
447 system. A laser pulse is focused on one side of the sample which heats up this sample 
side. As the heat flows through the sample, the gradual raise in temperature with respect to 
time is measured at the other side. This rate of heat transfer from hot side to cold side is 
termed as thermal diffusivity (). It is given by 
𝛼 = 0.1388 
𝑑2
𝑡1/2
          3.7 
 
where d is the thickness of the sample and t1/2 is the time to the half maximum.  
Thermal conductivity is given by the following expression, 
𝐾 = 𝛼(𝑇)𝐶𝑝(𝑇)𝜌(𝑇)          3.8 
where Cp is the specific heat capacity and ρ is the density of the sample. By obtaining the 
thermal diffusivity and specific heat capacity from the laser flash method, thermal 
conductivity is calculated using the Equation 3.8. Specific heat capacity is determined by a 
comparative method, where same heat is applied to the reference sample whose specific heat 
capacity is known and sample under investigation and the consequent raised temperature is 
measured. The equation shown below is used to calculate the specific heat capacity.  
𝐶𝑝,𝑡𝑒𝑠𝑡 =
𝑇𝑟𝑒𝑓
𝑇𝑡𝑒𝑠𝑡
𝜌𝑟𝑒𝑓
𝜌𝑡𝑒𝑠𝑡
𝐶𝑝,𝑟𝑒𝑓 
where Tref, ρref, and Cp,ref denotes the temperature, density, and specific heat capacity, 
respectively, of the reference sample and Ttest, ρtest, and Cp,ref denotes the temperature, density, 
and specific heat capacity, respectively, of the sample under investigation.  
3.3.5 Raman Spectroscopy 
The Raman-spectra were recorded with the help of a Confocal Raman Microscope alpha 300 
R (WITec GmbH, Ulm, Germany) equipped with a laser (excitation wavelength 532 nm, laser 
power 500 μW). Powder samples were measured with a 20x objective and an integration time 
of 0.5 s for a single scan between λ=200 and λ=3500 cm-1 with 500 accumulations. The ratio 
of D-band to G-band (ID/IG) was calculated using the ratio of the corresponding intensity 
heights, whereby the intensity of the peak at around 1345 cm
-1
 was assigned to the D-band 
and that at around 1587 cm
-1
 to the G band. 
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3.3.6 Scanning Electronic Microscopy (SEM) 
SEM was performed on the powder or composite samples using a NEON 40 Scanning 
Electron Microscope (SEM) (Carl-Zeiss AG, Oberkochen, Germany). In case of powder 
samples, they were dispersed in ethanol using a bath sonicator and a drop of it was placed on 
a silicon wafer. This was used for further observation. In case of nanocomposites to observe 
the surface morphology, the film was attached to the stub using a double sided carbon tape. 
To observe the cross-section, the film was cryo-fractured and it was stuck to a staple pin, 
which was then stuck onto the stub using carbon tape. To observe just the surface morphology 
the secondary electron detector (SE2) was used. To observe material contrast, in case of 
hybrid rGO particle, the back scattering electron detector (ESB) was used. To observe 
SWCNT dispersion the in-lens detector was used. In many cases, the parameters are different 
which will be mentioned later. 
3.3.7 X-Ray Diffraction (XRD) 
Wide angle X-ray diffraction studies were carried out on GO, rGOs, and modified rGOs. The 
WAXD pattern were obtained by means of an XRD 3003 Ɵ/Ɵ (Seifert-FPM Freiberg/Sa.) 
using Cu-Kα radiation (0.1542 nm wavelength, monochromatization by a primary multilayer 
system) obtained with 40 kVand 30 mA. The measuring time Δt = 20 s for each point and 
Δ2Ɵ = 0.05°. The measuring range was 2Ɵ = 2-80° in transmission (ω/2Ɵ = 1:2). The 
Bragg’s values d, i.e., the interlayer spacing between the graphene layers in the graphite and 
other derivatives were calculated from the positions of the scattering maxima (reflections): 
 2 d sin Ɵ = n λ                            (3.9) 
where d = interlayer distance, Ɵ = scattering angle, n = order of diffraction, and λ = 
wavelength of the radiation. 
3.3.8 Transmission Electron Microscopy (TEM) 
GO, rGO, and modified rGO samples were examined using a LIBRA 200 FE transmission 
electron microscope, Carl-Zeiss SMT GmbH, Germany. The sample was dispersed in 
methanol using a bath sonicator before dropping it on the copper grid. 
3.3.9 Ultra Violet Visible (UV-vis) Spectroscopy  
GO, rGO, and modified rGO samples were examined as dispersion in ethanol by UV- Visible 
spectroscopy. UV/Vis spectra were recorded at room temperature (22 ± 2 °C) on a Cary 6000i 
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spectrophotometer (Varian). The spectral bandwidth was 1 nm. Dispersions of 0.05 wt% 
concentration in ethanol were prepared and sonicated in a bath sonicator for 10 mins before 
the start of the experiment. 
3.3.10 Density measurement 
Density of SBS composites and SEBS composites were measure by the buoyancy method. A 
portion of the sample was weighed in air and after immersion in water at 23 °C using the 
Sartorius kit YDK03 and Sartorius AC210S scales by applying instrument’s density software.  
3.3.11 X-ray Photoelectron Spectroscopy (XPS) 
All XPS studies were carried out by means of an Axis Ultra photoelectron spectrometer 
(Kratos Analytical, Manchester, UK). The spectrometer was equipped with a monochromatic 
Al K (h = 1486.6 eV) X-ray source of 300 W at 15 kV. The kinetic energy of 
photoelectrons was determined with hemispheric analyzer set to pass energy of 160 eV for 
wide-scan spectra and 20 eV for high-resolution spectra. Employing Scotch double-sided 
adhesive tape (3M Company, Maplewood, MN, USA) the powdery samples were prepared as 
thick films on a sample holder enabling the samples' transport in the recipient of the XPS 
spectrometer. During all measurements, electrostatic charging of the sample was avoided by 
means of a low-energy electron source working in combination with a magnetic immersion 
lens. Later, all recorded peaks were shifted by the same value that was necessary to set the C 
1s main component peak (Gr) to 283.99 eV [99]. Quantitative elemental compositions were 
determined from peak areas using experimentally determined sensitivity factors and the 
spectrometer transmission function. Spectrum background was subtracted according to 
Shirley [100]. The high-resolution spectra were deconvoluted by means of the Kratos spectra 
deconvolution software. Free parameters of component peaks were their binding energy (BE), 
height, full width at half maximum, and the Gaussian-Lorentzian ratio. 
3.3.12 Thermogravimetric Analysis (TGA) 
TGA was performed in a TGA Q 500 (from TA instruments) at a heating rate of 10 °C min
-1
 
under air from room temperature to 600 °C or 700 °C. 5-10 mg of the sample was taken in an 
open pan and the weight of the sample was measured with respect to temperature.  
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Results and Discussions 
4.1 PEDOT:PSS composites 
From chapter 2, it was well analysed that PEOT:PSS (Figure 4.1.1) is a commercial material 
with good thermoelectric properties and simultaneously conducive to mass production 
methods. Hence, the focus in this section is to improve the thermoelectric properties of 
PEDOT:PSS, so as to achieve high thermoelectric efficiency. In this section the effect of 
different conducting nanoparticles (SWCNT and Te) and insulating nanoparticles (TiO2 and 
CuO) and of with weak organic acid dopants on the thermoelectric performance of 
PEDOT:PSS is analysed. All the composites discussed here were prepared by solution mixing 
technique, in which required amount of fillers where added to the PEDOT:PSS aqueous 
dispersion and followed by probe sonication and casting on a glass substrate. In one group of 
samples which was modified by DMSO addition, 5 wt% of DMSO with respect to 
PEDOT:PSS dispersion volume was added prior to probe sonication (more details in section 
3.2.2.1). 
 
Fig. 4.1.1 Chemical structure of PEDOT:PSS. 
4.1.1 Morphology 
4.1.1.1 PEDOT:PSS/SWCNT composites 
Figure 4.1.1.1 shows the SEM images of fractured PEDOT:PSS/SWCNT nanocomposite 
films (a-c) and of virgin SWCNTs (d). It is observed that the SWCNT is well dispersed in the 
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polymer matrix at all the concentrations. The good dispersion is attributed to the presence of 
PSS which acts like a surfactant and helps in preventing agglomeration during film formation. 
From Figure 4.1.1.1d it is observed that the SWCNTs exist as agglomerates of SWCNT 
bundles. In the composites these agglomerates are broken down, but still SWCNTs exist as 
bundles and not as individually dispersed nanotubes. Owing to the very high length of 
SWCNTs, disentanglement of SWCNTs remains a difficult task.  
 
      
       
Fig. 4.1.1.1 SEM images of PEDOT:PSS/SWCNT nanocomposite films: (a) 1 wt% SWCNT, 
(b) 3 wt% SWCNT, (c) 5 wt% SWCNT, and (d) virgin SWCNT.  
4.1.1.2 PEDOT:PSS/TiO2 composites 
Figure 4.1.1.2 shows the SEM images of PEDOT:PSS/TiO2 nanocomposites and TiO2 
nanoparticles. Form Figure 4.1.1.2e it is observed that the nanoparticles have a primary 
particle size of around 25 nm. These primary particles do not exist as separate entity but they 
exist as agglomerates. In the composites (Figure 4.1.1.2a-d), the TiO2 particles appear to be 
dispersed, but still few agglomerates can be seen. The agglomerates are mostly seen to be 
towards the bottom of the film (substrate side). Since the cast film was allowed to dry very 
slowly, few particles re-agglomerated and sedimented. This sedimentation is, compared to 
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SWCNT, forced by the higher TiO2 density of 4.23 g/cm
3
 and isotropic shape. Even though 
big particles sediment, other particles remain dispersed throughout the PEDOT:PSS matrix. 
Moreover, the polymer matrix exhibits layered structure. This is because, PEDOT:PSS 
consists of PEDOT backbone which is rigid and planar and PEDOT molecules exists as a 
cluster along with PSS molecules. Hence, as the film is formed, the rigid polymer backbone 
forms a layered structure on drying.  
     
     
 
Fig. 4.1.1.2 SEM images of PEDOT:PSS/TiO2 nanocomposites: (a) 5 wt% TiO2, (b) 10 wt% 
TiO2, (c) 15 wt% TiO2, (d) 20 wt% TiO2, and (e) TiO2 nanoparticles.  
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4.1.1.3 PEDOT:PSS/CuO composites 
Figure 4.1.1.3 shows the SEM images of PEDOT:PSS/CuO nanocomposites and of CuO 
nanoparticles. It is observed that CuO agglomerates exhibit wide size distribution (~100 nm to 
~1 µm, Figure 4.1.1.3d). However, it is found that CuO agglomerates are well broken down 
and well dispersed in the PEDOT:PSS matrix at all composite compositions (Figure 4.1.1.3a-
c). As in the case of TiO2 composites, here as well layered structure is observed. 
 
     
     
Fig. 4.1.1.3 SEM images of PEDOT:PSS/CuO nanocomposites: (a) 10 wt% CuO, (b) 20 wt% 
CuO, (c) 30 wt% CuO, and (d) CuO nanoparticles.  
4.1.1.4 PEDOT:PSS/Te composites  
Figure 4.1.1.4 shows the SEM images of PEDOT:PSS/Te nanocomposites and Te 
nanoparticles. Te forms crystalline needle-like particles in the length scale of 5 to 10 µm with 
diameters around 500 nm (Figure 4.1.1.4 e). From Figure 4.1.1.4 a-d it is observed that Te 
particles are well dispersed throughout the matrix, even at higher Te concentration. Figure 
4.1.1.5 shows the XRD pattern of Te. The XRD peaks of Te are indexed according to JCPDS 
file no. 36-1452 showing that Te forms a trigonal trapezohedral crystal system. Even though 
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there are sharp peaks, there is a broad amorphous region underlaying the 100 and 101 peaks. 
This corresponds to the amorphous region in Te. The primary crystallite size is calculated 
from 003 peak width to be about 39 nm.  
      
      
 
Fig. 4.1.1.4 SEM images of PEDOT:PSS/Te nanocomposites (a) 5 wt% Te, (b) 10 wt% Te, 
(c) 15 wt% Te, (d) 20 wt%, Te, and (e) Te nanoparticle.  
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Fig. 4.1.1.5 XRD spectra of Tellurium. 
4.1.2 Thermoelectric properties 
4.1.2.1 PEDOT:PSS/SWCNT composites 
The goal of the project is to obtain a polymer based nanocomposite with high thermoelectric 
efficiency. From the literature, as discussed in section 2.2.2.1.4, PEDOT:PSS has a low 
Seebeck coefficient (~15 µV/K). In order to overcome this demerit, SWCNT was chosen as 
filler, which exhibits a higher Seebeck coefficient than PEDOT:PSS. Figure 4.1.2.1 shows the 
electrical conductivity, Seebeck coefficient, and power factor of PEDOT:PSS/SWCNT 
composites in dependence on the SWCNT content. Without DMSO treatment, the electrical 
conductivity increases almost linearly with increasing SWCNT content. The Seebeck 
coefficient dependence on SWCNT content is irregular with slight increase at lower contents 
(0.6 wt%) and decrease at higher contents. The maximum Seebeck coefficient observed here 
is 23.6 µV/K, which is far less than that of pristine SWCNT (60 µV/K). The Seebeck 
coefficient of pristine SWCNT was measured from Bucky paper, which is prepared by 
filtering SWCNT dispersion in ethanol through a polyamide 6 filter membrane. As the content 
of SWCNT is comparatively low, there is no substantial increase or decrease in Seebeck 
coefficient observed. 
The addition of DMSO during composite preparation resulted in a large increase in electrical 
conductivity, which remains almost unaffected by the addition of SWCNT. The increase in 
electrical conductivity is attributed to the ordering of PEDOT crystals and increase of crystal 
size, thereby increasing the charge carrier mobility [101-103]. The difference in electrical 
conductivity of composites with and without DMSO decreases gradually with increasing 
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SWCNT content. The Seebeck coefficient is slightly smaller in presence of DMSO, but due to 
the several decades higher electrical conductivity, composites with DMSO exhibits higher 
power factors than composites without DMSO. 
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Fig. 4.1.2.1 Thermoelectric properties of PEDOT:PSS/SWCNT composites. 
4.1.2.2 PEDOT:PSS/TiO2 composites  
Alternatively to the above approach, the use of metal oxides was attempted to increase the 
thermoelectric performance of PEDOT:PSS, because they have high intrinsic Seebeck 
coefficients. For instance, TiO2 (anatase) has a very high Seebeck coefficient of -600 µV/K 
[5]. It was expected that the TiO2 can complement the nanocomposite with its high intrinsic 
Seebeck coefficient. Figure 4.1.2.2 shows the electrical conductivity, Seebeck coefficient, and 
power factor of PEDOT:PSS/TiO2 composites in dependence on TiO2 content. The electrical 
conductivity of pristine anatase is ~10
-11
 S/cm, which appears to behave almost like an 
insulator [104]. Hence, as expected the electrical conductivity decreased with TiO2 content. 
Interestingly, there was only a slight increase in the Seebeck coefficient by addition of up to 
10 wt.% TiO2 followed by an abrupt increase to 45.9 µV/K at 15 wt.% and decrease to 40.4 
µV/K at 20 wt.% TiO2. Also in case of composites with DMSO, electrical conductivity 
decreases with addition of TiO2. But in comparison with composites without DMSO, the 
composites with DMSO exhibit higher electrical conductivity at all TiO2 contents. This 
increase in electrical conductivity is similar to the case of DMSO treated 
PEDOT:PSS/SWCNT composites. The Seebeck coefficient is slightly higher and almost 
constant in all TiO2 containing composites compared to PEDOT:PSS. Clearly, the power 
factors of composites with DMSO are higher than those of composites without DMSO.  
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Fig. 4.1.2.2 Thermoelectric properties of PEDOT:PSS/TiO2 composites. 
4.1.2.3 PEDOT:PSS/CuO composites 
In similarity with the above approach, CuO which also has a very high Seebeck coefficient of 
650 µV/K, was employed to make nanocomposite with PEDOT:PSS in order to achieve high 
Seebeck coefficients. Figure 4.1.2.3 shows the electrical conductivity, Seebeck coefficient, 
and power factor of PEDOT:PSS/CuO composites with different CuO contents. There was no 
substantial increase in electrical conductivity or Seebeck coefficient with rising CuO content. 
Addition of DMSO resulted in a general increase in electrical conductivity in similarity with 
former cases, but there was no dependence on CuO content.  
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Fig. 4.1.2.3 Thermoelectric properties of PEDOT:PSS/CuO composites. 
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4.1.2.4 PEDOT:PSS/Te composites 
Since the above approach described in section 4.1.2.2 and 4.1.2.3 did not work as expected, 
another approach of using a nanoparticle with a comparable electrical conductivity as the 
polymer matrix but with a high Seebeck coefficient was undertaken. Figure 4.1.2.4 shows the 
electrical conductivity, Seebeck coefficient, and power factor of PEDOT:PSS/Te composites 
in dependence on Te content. As electrical conductivity of Te is almost similar to pristine 
PEDOT:PSS, the electrical conductivity remains almost constant with increasing Te content. 
The electrical conductivity of Te here refers to powder conductivity which is 0.1 S/cm, which 
was measured as explained in section 3.3.2. With addition of DMSO, there is a huge increase 
in electrical conductivity like in other cases. Also for these composites, electrical conductivity 
remained almost constant with increase in Te content. The Seebeck coefficient of Te (160 
µV/K) is higher than that of PEDOT:PSS (17 µV/K). The above reported Seebeck coefficient 
of Te was measured from Bucky paper, which was prepared by filtering the dispersion of Te 
in ethanol through polyamide 6 membrane. Hence, Seebeck coefficient increases linearly with 
Te concentration. But when DMSO was added, the Seebeck coefficient almost remained 
constant. The disparity in the thermoelectric properties of PEDOT:PSS/Te composites with 
and without DMSO is explained by Figure 4.1.2.5. Here, rod like structure denotes Te and the 
matrix denotes PEDOT:PSS. Electrons which are the major charge carriers are represented as 
e
- 
in yellow. In composites without DMSO, the electron flow is not preferred in one of the 
phases, PEDOT:PSS or Te. Hence, the Seebeck coefficient of the composites lies in between 
the values of pristine PEDOT:PSS and Te. But in case of composites with DMSO, the 
electron preferentially flows through PEDOT:PSS because of the wide difference in 
conductivity between PEDOT:PPS and Te. Hence, the matrix determines the Seebeck 
coefficient of the composite.  
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Fig. 4.1.2.4 Thermoelectric properties of PEDOT:PSS/Te composites. 
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Fig. 4.1.2.5 Schematic representation of electron path in PEDOT:PSS/Te composite (left: 
without, right: with DMSO). 
4.1.2.5 PEDOT:PSS doped with citric acid or L-ascorbic acid 
From the above approaches of using nanoparticles to improve thermoelectric properties, as 
discussed in sections 4.1.2.1 – 4.1.2.4, it is observed that the use of DMSO, a secondary 
dopant, masked the Seebeck coefficient of the nanoparticles in their composites, but it raised 
the power factor substantially. Hence, the direction was changed in a way to find an 
alternative for DMSO instead of finding nanoparticles that would increase the thermoelectric 
properties. There are many literature reports that deal with the thermoelectric studies of 
PEDOT:PSS doped with strong acid and weak acids [73, 105], but there is not any literature 
with use of naturally occurring weak acids as a dopant for PEDOT:PSS. Hence, it was 
examined if citric acid and L-ascorbic could bring about an increase in thermoelectric 
properties. Doping of PEDOT:PSS with weak acids was carried out by dissolving these weak 
acids in PEDOT:PSS dispersion followed by heating at 80 °C and then casting in a glass 
substrate (more details in section 3.2.2.2). 
Figure 4.1.2.6 shows the thermoelectric properties of PEDOT:PSS doped with citric acid and 
L-ascorbic acid. From Figure 4.1.2.6a it is observed that there is an increase in electrical 
conductivity up to a concentration of 7.5 wt% and then it decreases. The Seebeck coefficient 
appears to be almost constant at all concentrations. This phenomenon could be attributed to 
the doping of PEDOT:PSS by citric acid as it has three labile protons, as shown in Figure 
4.1.2.7a. This could be also proved by the decrease in intensity of UV-vis absorbance peak, as 
depicted in Figure 4.1.2.8a. The peak around 900 nm for pristine PEDOT:PSS is attributed to 
the radical cation structure of the PEDOT background [75].  
On the other hand, in case of L-ascorbic acid doping there is no significant change in 
electrical conductivity up to addition of 5 wt%, but at 7.5 wt% it increases to 4.28 S/cm, 
which is about one decade increase compared to pristine PEDOT:PSS (Figure 4.1.2.6b).At 
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even higher L-ascorbic acid concentration the conductivity decreases again. The Seebeck 
coefficient increases linearly with L-ascorbic acid concentration. This behaviour is a 
consequence of de-doping of PEDOT:PSS by the reducing action of L-ascorbic acid. There 
are many reports, where L-ascorbic acid acts as a mild reducing agent [106, 107]. From 
Figure 4.1.2.8b it is evident that UV-vis peak intensity increases with L-ascorbic acid 
concentration, thus confirming the reducing behaviour. As observed in other literatures, it is a 
general trend that the electrical conductivity increases when doped with acids and decreases 
when doped with bases [105, 108]. While weak organic acids like acetic acid and butyric acid 
imparts increase in electrical conductivity by 2 decades; other relatively strong organic acids 
like methanesulfonic acid, oxalic acid, etc. imparts increase in electrical conductivity by 3 
orders of magnitude [105]. But in our cases, only one decade of increase in electrical 
conductivity is observed. This is because citric acid and L-ascorbic acid are very weak acids 
compared to the above mentioned organic acids. It is also observed that PEDOT:PSS doped 
with strong acids does not experience any significant increase in Seebeck coefficient [105]. 
PEDOT:PSS treated with citric acid abides with the above statement, but L-ascorbic acid 
treated PEDOT:PSS does not, as L-ascorbic acid is a mild reducing agent.  
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Fig. 4.1.2.6 Thermoelectric properties of PEDOT:PSS treated with (a) citric acid and (b) L-
ascorbic acid. 
               
Fig. 4.1.2.7 Chemical structures of (a) citric acid and (b) L-ascorbic acid. 
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Fig. 4.1.2.8 UV-Visible absorption spectra of PEDOT:PSS with (a) citric acid and (b) L-
ascorbic acid. 
4.1.3 Summary 
Two approaches were attempted to increase the thermoelectric properties of PEDOT:PSS 
composites. Initially, the nanocomposite approach of using conducting nanoparticles 
(SWCNT, Te) and insulating nanoparticles (TiO2, CuO) was employed. Secondly, naturally 
occurring weak organic acids were employed. 
In the first approach, comprehensively, it was inferred that in the composites only the Seebeck 
coefficient of the component with the higher electrically conductivity is reflected. However, 
the use of electrically conducting nanoparticle (SWCNT, Te) resulted in a substantial increase 
in the power factor. The power factor increases almost linearly with rising nanoparticle 
content with maximum values for the SWCNT and Te containing composites being 1.07 
µW/(m K
2
) at 5 wt.% SWCNT and 0.27 µW/(m∙K2) at 20 wt% Te content. But, in case of 
insulating nanoparticle (TiO2 and CuO) the power factor decreases with nanoparticle content, 
except for the composite containing 15 wt% TiO2. However, when DMSO was added to these 
composites, the Seebeck coefficients of these composites lie between 15 and 30 µV/K. Only 
in case of SWCNT composites, a slight increase in power factor with nanoparticle 
concentration is seen, while in case of TiO2 and Te composites the power factor remained 
almost constant. Finally, in case of CuO composites the power factor decreased slightly with 
the nanoparticle content.  
In the second approach, the use of citric acid and L-ascorbic acid resulted in a decade increase 
in electrical conductivity. However, addition of citric acid did not bring about substantial 
improvement in the Seebeck coefficient, whereas L-ascorbic acid addition resulted in a slight 
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linear increase. The maximum power factor exhibited after citric acid doping is 0.14 
µW/(m∙K2) at 8 wt.% and L-ascorbic acid doping is 0.25 µW/(m∙K2) at 8 wt%.  
Though, there was some improvement in thermoelectric properties in some of the approaches, 
the obtained values were not higher than those reported in the literatures. The maximum 
power factor of 22.5 µW/(m∙K2) was achieved for PEDOT:PSS/5 wt% SWCNT composite, 
whereas values over 100 µW/(m∙K2) were already reported (section 2.2.1.4, Table 2.5). To 
quote a few instances: Yu et al. achieved a power factor of 160 µW/(m∙K2) for 
PEDOT:PSS/60 wt% SWCNT composite [84] , Hsu et al. attained a power factor of 407 
µW/(m∙K2) for PEDOT:PSS/6.7 wt% SWCNT treated with formic acid [78], and Xiong et al. 
gained a power factor of 53 µW/(m∙K2) for PEDOT:PSS/3 wt% rGO composite reduced with 
hydrazine [79].  
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4.2 Modified rGO nanoparticles 
In the previous section, thermoelectric properties of the intrinsic conducting polymer 
PEDOT:PSS and its nanocomposites were discussed. As it was observed that there was not 
any substantial improvement in thermoelectric properties of PEDOT:PSS by incorporating 
nanofillers or doping using weak acids, the focus was shifted towards carbon based fillers. 
From the discussion in Chapter 2, graphene, being a zero bandgap semiconductor, 
theoretically has a very low Seebeck coefficient near to 0 µV/K. Reduced graphene oxides, 
which are in structure similar to graphene but with some imperfections, have also low 
Seebeck coefficients. Moreover, reduced graphene oxide prepared by environment-friendly 
methods exhibit even lower thermoelectric properties. Hence, in this chapter several strategies 
are attempted to improve the thermoelectric properties of rGO before being used to prepare 
composite with polymers. 
4.2.1 Vanadium salt assisted reduced graphene oxide (rGO_V) 
Note: The content of this chapter is published in the journal of Materials Chemistry and 
Physics along with Sumanta Samanta, Jürgen Pionteck, Dieter Jehnichen, Frank Simon, Petra 
Pötschke, and Brigitte Voit. , named, Vanadium salt assisted solvothermal reduction of 
graphene oxide and the thermoelectric characterization of the reduced graphene oxide in bulk 
and as composite (Doi: 10.1016/j.matchemphys.2019.03.002). 
In the first approach, attempts were made to synthesise nanostructures based on vanadium 
oxide which are attached to graphene layers by a solvothermal method, as described in section 
3.2.1.3. It was expected that incorporating metal oxides in nano dimension could bring about 
a change in the thermoelectric properties [109, 110]. rGO_V was synthesised by solvothermal 
method, in which GO was dispersed in methanol by ultrasonication followed by addition of 
VCl3 and NH4OH. Subsequently, the mixture was heated at 180 °C for 6 hrs in an autoclave 
(more details in section 3.2.1.3).  
4.2.1.1 Morphology and structural characterisations 
From the SEM images shown in Figure 4.2.1.1 it can be observed that there is no formation of 
vanadium or vanadium oxide particles at lower concentration of VCl3. This implies that VCl3 
itself is a reactant in the process which is consumed during the reaction, and after the reaction 
the by-products are washed out completely. At higher concentration of VCl3 submicron sized 
nanoparticles are formed on the rGO surfaces, which were identified to be ammonium 
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metavanadate (V) [(NH4)2·(VO)·(V2O7)] nanoparticles. This could be the consequence of 
supersaturation of vanadium ions in the solution at very high concentrations (8 mM and 12 
mM).  
 
Fig. 4.2.1.1 SEM images of (a) rGO, (b) rGO_V_2mM, (c) rGO_V_4mM, (d) rGO_V_8mM, 
and (e) rGO_V_12mM.  
Changes in the crystal structure of graphene sheets during oxidation and reduction can be 
observed by XRD. From Figure 4.2.1.2 it is seen that the sharp XRD peak of GO at around 2 
= 10°, corresponding to a layer distance of 0.88 nm [111], disappeared for the reduced 
graphene oxide (rGO) and a broad peak at around 25°, which corresponds to 002 plane, and 
another peak at 43°, which corresponds to the basal plane of graphite 100 plane, appear. The 
broadness of the diffraction peak of rGO indicates poor ordering of the sheets along the 
stacking direction, which implies that the primary crystallites in the sample comprise only few 
layers of graphene. Strong peaks at 38.6° and 44.8° originate from the aluminium foil in 
which the powders are wrapped for XRD analysis. For the samples reduced with VCl3 the 002 
peak intensity increases as the concentration of VCl3 used for reduction increases from 2 mM 
to 4 mM. Compared with rGO reduced without VCl3, VCl3 reduced graphite oxide has higher 
degree of reduction, forming somehow primary crystallites, and exhibiting better 
homogeneity. At higher concentrations of VCl3 sharp peaks were observed which are 
attributed to the formation of ammonium metavanadate (V), which is observed in the SEM 
images as agglomerated particles. The peaks at 15.9°, 22.4°, 25.5°, 27.6°, 31.8/32.1°, and 
35.8° correspond to (001), (210), (201), (211), (310/002), and (311) planes, respectively 
((NH4)2·(VO)·(V2O7); ICDD PDF number: 01-078-1229). 
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Fig. 4.2.1.2 XRD spectra of graphite, GO, rGO, and rGO_Vs.  
Defects in the graphene layers can be studied by Raman spectroscopy. As observed from 
Figure 4.2.1.3a, GO exhibits the in-plane vibrational mode (G band) at 1590 cm
-1
 and the 
defect scattering (D band) at 1350 cm
-1
. The G band appears broad, which is a consequence of 
formation of diamond domains (sp
3
 carbons) located like islands in an ocean of graphitic 
domains [112]. When compared with spectra of graphite [113], the D band arises in GO due 
to the formation of sp
3 
bonds with oxygen atoms. The Raman spectrum of the rGOs also 
contains both G and D bands at 1590 cm
-1 
and 1350 cm
-1
, respectively. However, there exists 
a slight increase in the D/G intensity ratio compared to that of GO as shown in Figure 
4.2.1.3b. In the case of rGO_V, there is a substantial increase in the D/G intensity ratio. In 
principle, as the GO is reduced the graphitic region increases and the area of G band must 
increase. However, the phenomenon observed here is contradictory to the above statement 
[114]. It can be explained by the creation of graphitic domains amidst defective domains 
rather than enlargement of the existing graphitic domains. This results in an enormous number 
of smaller graphitic domains rather than a few big domains. This explanation is backed up by 
the work of Lucchese, where an increase in the D/G intensity ratio was found as the density of 
new graphitic domains created enlargement in a ‘high defect density regime’ until a threshold 
distance between graphitic domains. When the distance between the graphitic domains 
becomes even smaller, i.e. below the threshold distance, the D/G intensity ratio starts 
decreasing as graphitic domains start coalescing into a ‘low defect density regime’.[112]. 
Thus, the morphologies of rGO_Vs can be regarded to be in the high defect density regime. 
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Fig. 4.2.1.3 (a) Raman spectra and (b) D/G ratios of GO, rGO, and rGO_Vs. 
UV-vis spectroscopy studies were carried out to investigate the bandgap of the GO, rGO, and 
rGO_Vs (Figure 4.2.1.4). The characteristic absorption peak of GO near 230 nm corresponds 
to ππ* transition, caused by the electrons in the aromatic rings: A small hump appearing 
near 300 nm corresponds to the nπ* transition of electrons in carbonyl groups attached to 
the aromatic rings. In case of rGO the aromatic electrons peak is shifted from 230 nm to 
around 250 nm, just visible as a shoulder of the strong absorption of conjugated  electrons of 
aromatic rings. However, the carbonyl electron peak is not shifted indicating incomplete 
reduction. The same absorption is observed with rGO_V_2mM. At higher concentration of 
VCl3, as observed with rGO_V_8mM and rGO_V_12mM, the carbonyl electron peak 
vanishes, indicating high reduction degree. The bandgaps of the nanoparticles were calculated 
from Tauc’s plots (Figure 4.2.1.5) considering a direct bandgap and using a method described 
in the reference [115].  The bandgap values are summarised in Table 4.1. In Figure 4.2.1.5 
(h)2 is plotted against h, where  is the frequency of the interacting light, h is the Planck’s 
constant, and  is the absorbance. The resulting linear region indicates the onset of 
absorption. Hence, extrapolating the linear region of the curve to the x-axis gives the bandgap. 
As expected GO has the widest bandgap of 3.73 eV. Reduction of GO reduces the bandgap, 
thus rGO has slightly narrower bandgap, 3.51 eV. GOs reduced by VCl3 have bandgaps less 
than 3.4 eV.  
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Fig. 4.2.1.4 UV-Visible absorption of GO, rGO, and rGO_Vs. 
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Fig. 4.2.1.5 Tauc's plot to determine the bandgaps of GO, rGO, and rGO_Vs. 
Table 4.1 Bandgaps of GO, rGO, and rGO_Vs derived from Tauc’s plots. 
Material 
Bandgap 
(eV) 
GO 3.73 
rGO 3.51 
rGO-V-2mM 1.68 
rGO-V-4mM 3.4 
rGO-V-8mM 1.8 
rGO-V-12mM 3.05 
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XPS analysis is used to quantify the different elements present in the sample and their 
oxidation states as well. XPS spectra (Figure 4.2.1.6) recorded from the GO, rGO, and 
rGO_V samples confirmed the findings of UV-vis spectroscopy studies above. The shape of 
the C 1s spectrum of GO showed two intensive component peaks Gr (BE = 284.49 eV) and C 
(286.51 eV). Component peak Gr resulted from photoelectrons escaped from the sp
2
-
hybridized carbon atoms (unsaturated hydrocarbons). Compared to the position of the 
component peaks Gr of the rGO the binding energy value found for component peaks Gr in 
the C 1s spectrum of GO was slightly shifted to higher values. Probably, the shift is caused by 
the limited space for the delocalization of the  electrons in the graphite-like lattice. This 
assumption is supported by the missing of intensive shake-up peaks resulting from * 
electron transitions. The second intensive component peak C (286.51 eV) showed the 
presence of C–O bonds preferably from ether groups (the assumption resulted from the 
comparison of the area of the component peak C with the [O]:[C]|spec ratio; C–OH groups 
and alcohol-sited carbon atoms of ester groups [O=C–O–C] could also contribute to 
component peak C). Component peak B (285.36 eV) resulted from C–N bonds of amino 
groups and/or amine-sited nitrogen atoms of amide groups (O=C–NH–C). Photoelectrons of 
carbonyl carbon atoms of ketone groups (C=O) and – if present – amide groups (O=C–NH–C; 
the fraction of amide carbonyl carbons cannot be more than the fraction of component peak 
B) were collected as component peak D (287.69 eV). Component peak E (288.8 eV) 
summarized carbonyl carbon atoms of carboxylate esters (O=C–O–C) and/or carboxylic acids 
(O=C–OH) and their corresponding carboxylates (O=C–O-  -O–C=O). 
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Fig. 4.2.1.6 XPS of C 1s spectrum of (a) GO and (b) rGO. 
The shape of the high-resolution C 1s spectrum, which was recorded from the NH4OH-free 
rGO sample (Figure 4.2.1.7 a), was very characteristic for carboneous materials consisting of 
sp
2
-hybridized carbon atoms with highly conjugated -electron systems (–GrC=GrC–  =GrC–
Gr
C=). The main component peak Gr at 283.99 eV shows the carbon atoms of the graphite-
like lattice. Its strong asymmetric shape resulted from the high number of excited electronic 
states. Electron transitions from occupied -orbitals to unoccupied *-orbitals (  *) 
caused wide and intensive shake-up peaks (Sh). Unfortunately, the shake-up peaks appeared 
in the binding energy region where component peaks of carbon atoms carrying functional 
groups can be observed. In order to separate the shake-up peaks from component peaks that 
arose from functional surface groups the parameters of the shake-up peaks, such as binding 
energy values, ratio of intensities, and their width at the half of maximum, were determined 
on a model sample of pure graphite, which did not contain considerable amounts of oxygen or 
further heteroatoms. After subtraction of the areas of the shake-up peaks and Gr component 
peak the remaining C 1s peak area was deconvoluted into the component peaks C, D, and E. 
Component peak C (285.91 eV) showed the presence of C–O bonds preferably from phenolic 
C
C–OH groups. The binding energy value found for component peak C appears exceptionally 
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small. But it must be considered that these C–OH groups are in equilibrium with their 
phenolate ions (
C
C–OH + H2O  
C
C–O- + H3O
+
), and that they are thus involved into the 
conjugated -electron system of the carboneous material. The strongly shifted component 
peak E (289.34 eV) indicates the presence of some carboxylic acid groups (O=
E
C–OH) and 
their carboxylates (O=
E
C–O-  -O–EC=O). A further component peak D clearly appeared at 
288.13 eV. This component peak resulted from photoelectrons, which were escaped from 
quinone-like bonded carbon atoms (
D
C=O) and carbon atoms of oxirane groups. Traces of 
vanadium ([V]:[C] = 0.001) were detected as V 2s, V 2p3/2, V 2p1/2, V 3s, V 3p3/2, and V 3p1/2 
photoelectron peaks as well as the V L3M45M45, V L3M23M45(
1
P), and V L23M23M23 Auger 
peaks. 
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Fig. 4.2.1.7 : C 1s, N 1s, and V 2p high-resolution XPS spectra recorded from the rGO_V_4 
mM_0 mM NH3 (a) and rGO_V_4 mM_74 mM NH3 (b) samples. 
Figure 4.2.17b shows an example of the high-resolution element XPS spectra of sample 
rGO_V_4 mM_74 mM NH3. After the treatment of the sample with NH4OH, incorporated 
nitrogen was analysed as N 1s peak at about 400 eV. The high-resolution N 1s spectrum has a 
complex shape indicating the presence of different binding states of nitrogen. It was 
deconvoluted into three component peaks (K, L, and M). The shake-up peak at ca. 402 eV 
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(Sh) showed that some of the nitrogen atoms were involved into the -electron system of the 
substrate material, and thereby that nitrogen is covalently bonded to the surface of the rGO 
sample. These findings were supported by the analysis of the corresponding C 1s spectrum. 
After the application of NH4OH the component peak D seemed to be fully disappeared. 
Obviously, the oxirane groups on the rGO surface reacted with the ammonia component of 
the NH4OH molecule, which must be actually considered as NH3H2O adduct (ammonia 
liquor). The nitrogen-carbon bonds resulting from the reactions between the oxirane groups 
and ammonia led to the appearance of component peak B at 285.49 eV. Since the partial area 
of component peak B ([B] = 0.118) was greater than the relative nitrogen content ([N]:[C] = 
0.082) it can be concluded that some of the primary formed amino groups (
B
C–NH2) must be 
present as cyclic amines, such as aziridine (
B
C–NH–BC) or azirine (BC=N–BC  BC–N=BC). 
Certainly, component peak L (399.26 eV) in the N 1s spectrum shows nitrogen atoms, which 
are involved in amines (
B
C–LN). Amines are subject to protonation/deprotonation 
equilibriums. Hence, protonated amine species (
B
C–MN+H) were observed as component peak 
M at 400.76 eV. The binding energy value of 397.93 eV, which was found for the component 
peak K, is unusually small for organically bonded nitrogen. The high electron density at such 
nitrogen atoms can be explained by their participation at the -electron system of the substrate 
material, as with the azirine groups (
B
C=
K
N–BC  BC–KN=BC). Another explanation for the 
appearing of component peak K could be the formation of (H3N)V
3+
 and (H3N)V
5+
 
complexes. In fact, the V 2p spectra showed the presence of both of the two oxidation states 
of the vanadium. According to Kasperkiewicz et al. [116] the more intense component peak P 
at 516.38 eV shows the V
5+
 and the component peak O at 515.29 eV the V
3+
 species. It also 
seems interesting that the binding energy value of component peak C was shifted to 286.48 
eV. It is assumed that the phenolic 
C
C–OH groups were also involved to bind the vanadium 
ions coordinatively. 
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The atomic compositions of GO, rGO, and rGO_Vs derived from the XPS analysis are 
summarized in Tables 4.2 and 4.3. GO has the highest oxygen content of 26.08 %. The 
solvothermal reduction of GO in presence of 15 mM NH4OH but without VCl3 decreased the 
oxygen content to 8.83 %. Further when VCl3 was used additionally, the oxygen content 
decreased up to 7.3 % for rGO_V_4 mM. However, for the samples reduced with higher 
concentration of VCl3 the oxygen content increased up to 10.37 % for rGO_V_12 mM. This 
increase is attributed due to the formation of ammonium metavanadate (V), which was proven 
by XRD analysis. The nitrogen content is lowered when VCl3 was used for reduction but the 
presence of 4 mM VCl3 resulted in rather high N content. Otherwise, only traces of 
vanadium(V) remained in the product, showing that the added vanadium chloride was 
effectively oxidized und could be washed out after reaction. Higher VCl3 concentrations 
caused increase of remaining vanadium in a vanadium(V) to vanadium(III) ratio of about 
73.9/26.1 (rGO_V_8_mM) and 79.9/20.1 (rGO_V_12_mM), which supports the formation of 
non-soluble vanadium metavanadate as detected by XRD. 
Table 4.2 Atomic composition of GO, rGO and rGO_Vs prepared with 15 mM NH4OH. 
Sample 
Atomic concentration (%) 
C O N V Cl 
GO 72.07 26.08 1.84 --- --- 
rGO 84.33 8.83 6.84 --- --- 
rGO_V_2_mM 87.02 8.75 3.45 0.38 0.03 
rGO_V_4_mM 86.70 7.3 5.8 0.08 0.02 
rGO_V_8_mM 84.25 10.22 3.68 1.54 0.21 
rGO_V_12_mM 85.37 10.37 3.01 1.04 0.14 
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The effect of the NH4OH concentration on the atomic composition of the reduced graphite 
oxides is presented in the Table 4.3. When no NH4OH was used the oxygen content in the 
sample was very high (16.29 %). This is due to the poor solubility of VCl3 in methanol in 
absence of NH3, thus the reaction of VCl3 with the GO is hindered. As the NH4OH 
concentration is increased to 15 mM, the oxygen content decreases to 7.3 %, implying higher 
reduction degree. But when the NH4OH concentration is increased further, the oxygen content 
again increases up to 11.21 % at 74 mM of NH4OH. This is caused by the over solvation of 
vanadium ions by NH4OH, which again prevents the reduction reaction on GO. Again, larger 
amounts of vanadium remain in the product, proving the lesser reduction effectiveness when 
ammonium hydroxide is present in excess and the formation of vanadium metavanadate. 
Table 4.3 Atomic composition of GO, rGO and rGO_V_4 mM prepared with varying 
concentrations of NH4OH. 
Sample 
Atomic concentration (%) 
C  O N V Cl 
GO 72.07 26.08 1.84 --- --- 
rGO 84.33 8.83 6.84 --- --- 
rGO_V_4 mM_0 
ml NH4OH 
83.43 16.29 --- 0.11 0.05 
rGO_V_4 
mM_15mM 
NH4OH 
86.70 7.3 5.8 0.08 0.02 
rGO_V_4mM_37 
mM NH4OH 
82.75 8.57 7.22 1.17 0.19 
rGO_V_4mM_74 79.68 11.21 6.5 2.13 0.32 
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mM NH4OH 
4.2.1.2 Thermoelectric properties 
In this section, the effect of synthetic conditions on the thermoelectric properties of rGO_V 
will be discussed. Effect of VCl3 concentration on the thermoelectric properties of the 
nanoparticle synthesised with 15 mM NH3 (1 ml NH4OH)) solution is shown in Figure 
4.2.1.8. An abrupt increase in electrical conductivity was observed even on a meagre addition 
of VCl3 as low as 1 mM. With further increase of VCl3 concentration during synthesis, the 
conductivity increases more or less linearly up to 8 S/cm when the VCl3 concentration was 12 
mM. The Seebeck coefficient shows an uneven trend. It drops initially up to 5.7 µV/K at VCl3 
concentration of 2 mM, increases to a maximum of 13.7 µV/K at 4 mM VCl3 concentration, 
and then it drops again. The decrease of Seebeck coefficient at higher VCl3 concentration can 
be explained by the increase of number of charge carriers responsible for conduction. As 
quoted by Paz et al. the Seebeck coefficient initially increases with charge carrier 
concentration and then decrease after reaching a peak [117]. As the graphene oxide is reduced 
the number of charge carriers increases with increase in reduction degree. At lower reduction 
degree, where material exhibits semiconducting behaviour, the Seebeck coefficient increases 
gradually with reduction. Otherwise, at too high reduction degree the material exhibits 
metallic behaviour and the Seebeck coefficient decreases. As a consequence of the steady 
increase in conductivity with rising VCl3 content and the non-steady dependency of the 
Seebeck coefficient, the power factor increases to a local maximum at a VCl3 concentration of 
4 mM followed by a local minimum at 8 mM VCl3 concentration, and subsequently it 
increases to the maximum value of 0.99 µW/(m∙K2) at 12 mM concentration. Hence, power 
factor trend is dominated by Seebeck coefficient above a concentration of 2 mM and by 
electrical conductivity below 2 mM VCl3. 
To know whether concentration of NH3 could play an important role in deciding the 
thermoelectric properties of the rGO_V, the effect of NH3 concentration on thermoelectric 
properties was also studied. Figure 4.2.1.9 shows the effect of NH3 concentration on the 
thermoelectric properties of the nanoparticle synthesised with 4 mM VCl3. In absence of NH3, 
VCl3 did not dissolve in methanol and hence the VCl3 cannot reduce GO effectively. Thus, 
the hydrothermal reduction of rGO in presence of 4 mM VCl3 without addition of NH3 
resulted in a product with a conductivity of only 0.23 S/cm, while in presence of 15 mM of 
NH3 solution (1 ml NH4OH) the conductivity of the product was 4.8 S/cm (Figure 4.2.1.9). At 
higher NH3 concentrations, 37 mM and 74 mM (2.5 ml and 5 ml, NH4OH respectively), there 
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is a decrease in electrical conductivity, which could be attributed to the over-solvation of 
vanadium ions by NH3. Hence, 15 mM of NH3 (1 ml NH4OH) was fixed as the optimised 
volume. 
VCl3 effectively reduces graphene oxide because of its abundant and easily accessible d-
orbital electrons as explained in Figure 4.2.1.10. It was seen that 𝑉3
+, which is green in colour 
before the start of the reaction, is converted to 𝑉5
+ at the end of the reaction, displaying its 
characteristic yellow colour. 1 mole of Vanadium ion contributes 2 electrons for reduction of 
graphene oxide, as shown in the mechanism depicted in Figure 4.2.1.10. Hence, this proves to 
be a more effective method than reduction by methanol alone. 
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Fig. 4.2.1.8 Effect of reductant concentration on thermoelectric properties of rGO_Vs. 
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Fig. 4.2.1.9 Effect of NH3 concentration on thermoelectric properties of rGO_V_4mM. 
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Fig. 4.2.1.10 Mechanism of reduction of GO using VCl3. 
4.2.2 Silver modified reduced graphene oxide (rGO_Ag) 
From the above approach, it was observed that the electrical conductivity of the rGO can be 
increased by using VCl3 as a reducing agent. However, there was not any significant increase 
in the Seebeck coefficient. Hence, another approach of coating metallic nanoparticles onto 
graphene layers by using a silver precursor was undertaken anticipating higher Seebeck 
coefficients. rGO_Ag was synthesised by solvothermal method, in which GO was dispersed 
in methanol by ultrasonication followed by addition of silver acetate and NH4OH. 
Subsequently, the mixture was heated at 180 °C for 6 hrs in an autoclave (more details in 
section 3.2.1.4).  
4.2.2.1 Morphology and structural characterisations 
Figure 4.2.2.1 shows the surface morphology of rGO_Ag hybrid nanoparticles. As expected, 
rGO exists as thin wrinkled sheets. It is found that Ag nanoparticles are well dispersed over 
the rGO sheets and are in the size of ~200 nm with a broad size distribution. It is also 
observed that as the Ag precursor concentration was increased, more Ag nanoparticles were 
formed on the rGO surface. It is to be mentioned that rGO does not exist as individual 
graphene sheets but as few layers stacked together.  
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Fig. 4.2.2.1 SEM images of (a) rGO_Ag_1mM, (b) rGO_Ag_2mM, (c) rGO_Ag_4mM, and 
(d) rGO_Ag_8mM.  
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Fig. 4.2.2.2 XRD spectra of Graphite, GO, rGO, and rGO_Ags. 
Figure 4.2.2.2 shows the XRD spectra of graphite, GO, rGO, and rGO_Ags. Graphite shows a 
sharp peak at an angle of 26.4 ° (d-spacing = 0.334 nm) corresponding to 002 plane reflection. 
As discussed in section 4.2.1.1, in case of GO, the 002 reflection peak shifts to a lower angle 
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of 10 ° (d-spacing = 0.88 nm). This increase in interlayer spacing is attributed to the 
transformation of sp
2
 carbon atoms to sp
3
 ones, partially by oxidation resulting in oxygen 
functional groups like –OH, -COOH, etc. In rGO_Ags, the major peaks at 38.5°, 44.5°, 64.5°, 
77.5°, and 81.8° are respectively assigned to the (111), (200), (220), (311), and (222) planes 
of silver with the face-centred cubic (FCC) structure [118]. 
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Fig. 4.2.2.3 Raman spectra of GO, rGO, and rGO_Ags. 
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Fig. 4.2.2.4 D/G ratio rGO_Ags. 
Raman spectroscopy helps in the analysis of the types of C-C bond, taking its advantage of 
the ability to get polarised, thereby revealing the type of hybridisation, sp
2
 or sp
3 
[119]. As 
already explained in section 4.2.1.1, GO exhibits the in-plane vibrational mode (G band) at 
1590 cm
-1
 and the defect scattering (D band) at 1350 cm
-1
,
 
as shown in Figure 4.2.2.3. The 
Raman spectrum of the rGO also contains both G and D bands at 1590 cm
-1 
and 1350 cm
-1
, 
respectively. However, there exists a slight increase in D/G intensity ratio compared to that of 
GO, as shown in Figure 4.2.2.4. In the case of rGO-Ags, considerable increase in D/G 
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intensity ratio is observed especially at higher precursor concentration. This phenomenon is 
similar to the one observed in section 4.2.1.1. Tiny sp
2
 domains are created amidst sp
3
 matrix. 
The increase of D/G intensity ratio with Ag precursor concentration suggests that the average 
size of sp
2
 carbon domain decreases. Hence, as the silver precursor concentration increases 
the conducting sp
2
 domain shrinks in size leading to quantum confinement, which increases 
the Seebeck coefficient while decreasing the electrical conductivity, as observed in Figure 
4.2.2.6.  
Thermogravimetric analysis (TGA) aids in assessing the thermal stability of the materials and 
the composition of the hybrid materials as well. GO exhibits weight loss at two ranges of 
temperatures, as plotted in Figure 4.2.2.5. Firstly, it loses part of its mass between 150 °C and 
300 °C, which is attributed to the degradation of oxygen containing functional groups. Second 
mass loss is seen between 450 °C and 500 °C, which is related to the pyrolysis of the carbon 
skeleton [120]. In rGO there is trivial weight loss less than 450 °C, whereas it shows major 
weight loss between 450 °C and 700 °C. On the other hand, the degradation of rGO in the 
rGO_Ag hybrid particle starts at relatively lower temperature around 300 °C and ends around 
450 °C The Table 4.4 gives information about the quantity of silver nanoparticle in the hybrid 
particle. The theoretical wt% of Ag is calculated by using the value obtained for the 
conversion (74 wt%) of GO to rGO experimentally, as already mentioned in section 3.2.1.6. 
The experimental wt% of Ag in hybrid particle is calculated from TGA as follows 
weight of rGO component in the hybrid particle = (disappeared weight * 100)/96 ……4.2.2.1 
wt% of Ag = residual weight of rGO_Ag – (0.04 * weight of rGO component in the hybrid 
particle).                                …..4.2.2.2  
From the rGO degradation plot, 4 wt% remains at the end of the measurement. This implies 
96 wt% disappears. Hence, it is assumed that 96 wt% of the rGO component in all the hybrid 
particle also disappears. By using equation 4.2.2.1, weight of rGO component in the hybrid 
particle is calculated. Subtracting 4 wt% of this rGO component from the residual weight of 
the hybrid particle gives the Ag wt% (equation 4.2.2.2). 
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Fig. 4.2.2.5 TGA of GO, rGO, and rGO_Ags. 
Table 4.4 Quantification of silver content in the rGO_Ag hybrid particles. 
Hybrid particle Theoretical 
wt% of Ag * 
Residue at 600 
°C  
Experimental 
wt% of Ag *** 
rGO  4 **  
rGO_Ag_1 26 38 35 
rGO_Ag_2 41 52 50 
rGO_Ag_4 58 70 69 
rGO_Ag_8 73 84 83 
* calculated considering rGO conversion as 74 wt%, ** residue at 700 °C, ***calculated from 
TGA plot 
4.2.2.2 Thermoelectric properties 
Figure 4.2.2.6 shows the effect of the Ag precursor concentration on electrical conductivities 
and Seebeck coefficients of the rGO_Ag particles. It is observed that as the precursor 
concentration is increased the Seebeck coefficient increases linearly. This increase of Seebeck 
coefficient is expected to be due to the quantum confinement of electrically conductive sp
2
 
nanodomains, which alters the band structure [121]. Unfortunately, this is accompanied with a 
decrease in electrical conductivity, which is caused by the decrease in mobility when the 
conductive domain size decreases. Thus, it was possible to increase the Seebeck coefficient of 
rGO from 13 µV/K to 56.5 µV/K by increasing the precursor concentration, but concurrently 
the conductivity decreased from 0.3 S/cm to 0.001 S/cm. 
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In order to increase the electrical conductivity while retaining the Seebeck coefficient 
constant, the ammonia concentration was increased. The sample with 4 mM precursor 
concentration was selected for the study of the effect of ammonia concentration on 
thermoelectric properties. As observed from Figure 4.2.2.7, the Seebeck coefficient remains 
almost constant hovering around 30 µV/K, while the electrical conductivity on the other hand 
increases abruptly with addition of 14.8 mM NH3 (1 ml  NH4OH) and reaches an almost 
constant plateau value of ~ 0.16 S/cm when 22.2 mM (1.5 ml NH4OH) or more of NH3 is 
added. Therefore, 22.2 mM NH3 (1.5 ml NH4OH) was selected for further synthesis. 
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Fig. 4.2.2.6 Effect of precursor concentration on thermoelectric properties of rGO_Ags. 
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Fig. 4.2.2.7 Effect of NH3 concentration on thermoelectric properties of rGO_Ag_4mM. 
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4.2.3 Copper modified reduced graphene oxide (rGO_Cu) 
Though there was not any substantial increase in electrical conductivity, above approach was 
fruitful in bringing about a significant increase in the Seebeck coefficient. Hence, the same 
path was followed but with a different metallic element. Copper was tried to be synthesised 
on the graphene layers. rGO_Cu was also synthesised by solvothermal method, in which GO 
was dispersed in methanol by ultrasonication prior to the addition of copper acetate and 
NH4OH. Subsequently, the mixture was heated at 180 °C in an autoclave (more details in 
section 3.2.1.5). 
4.2.3.1 Morphology and structural characterisations 
Figure 4.2.3.1 shows the surface morphology of rGO_Cu hybrid nanoparticles. The hybrid 
nanoparticles contain graphene as few layers stacked together, like the rGO_Ag hybrid 
particles. At lowest precursor concentration (1 mM) no traces of Cu nanostructures were 
observed. At a precursor concentration of 4 mM very few nanostructures were observed, 
which do not have a defined shape and are expected to be amorphous in nature. At highest 
concentration (20 mM) nanocrystals are observed which are expected to be CuO.
 
Fig. 4.2.3.1 SEM images of (a) rGO_Cu_1mM, (b) rGO_Cu_4mM, and (c) rGO_Cu_20mM.  
Figure 4.2.3.2 shows the SEM-EDX image of rGO. As expected, carbon is abundant when 
compared with other elements present in the sample. After reduction, most of the functional 
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groups like hydroxyl, carboxyl, epoxy, etc. are removed. This is proved by the much lower 
intensity of oxygen present in the EDX spectra compared to carbon peak. The presence of 
nitrogen is attributed to the use of ammonia solution during the synthesis, which might have 
reacted with the functional groups linked to carbon and replaced them [122]. 
 
Fig 4.2.3.2 SEM-EDX images of hydrothermally synthesized rGO. 
Figure 4.2.3.3 shows the SEM-EDX image of rGO_Cu synthesised with different copper 
precursor concentrations. The samples with lower precursor concentration (rGO_Cu_1mM 
and rGO_Cu_4mM) bear copper without any particular morphology. On the other hand 
rGO_Cu_20mM, which contains the maximum amount of Cu, has a flower like morphology, 
which is clearly evident from Figure 4.2.3.3c. From EDX analysis (4.2.3.310 d-f) it is evident 
that with increase of the concentration of the copper precursor during the solvothermal 
synthesis, more copper is incorporated into the rGO sheets; the intensity of the copper peak 
increases gradually with the increase in copper precursor concentration.  
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Fig. 4.2.3.3 SEM-EDX images of copper doped rGO: (a) rGO_Cu_1mM, (b) rGO_Cu_4mM, 
and (c) rGO_Cu_20mM, and their corresponding EDX spectra (d), (e), and (f), respectively. 
Figure 4.2.3.4 shows the XRD spectra of GO, rGO, rGO_Cu, and pristine CuO. As said 
before the (002) plane of GO and rGO exhibits diffraction at 2 of ~10 ° and  ~25°, 
respectively. The XRD spectra of rGO_Cu prepared with lower precursor concentrations do 
not provide any evidence of crystalline nanostructures in the samples. There are two 
speculations, one is the crystallite size may be too small to be detected by XRD analysis and 
the other one is that Cu or CuO might be attached to the rGO sheets as an amorphous layer or 
in molecular form. Only in the samples with the highest concentration of the Cu precursor, 
broad reflection peaks of nanostructured CuO were observed because it forms larger crystals 
on the rGO surface. There might be excess Cu
2+
 ions that do not find any more places on rGO 
sheets and hence leading to the formation of CuO nanoparticles. In rGO_Cu_20mM the major 
peaks at 35.5°, 38.6°, and 48.5° are assigned to the (002), (111), and (-202) planes of CuO, 
respectively . Pristine CuO synthesised under same conditions but in the absence of GO, has 
the same peak as rGO_Cu_20mM, but also an extra peak at 29.6° corresponding to (110) 
plane [123-125]. At optimized precursor concentration (rGO_Cu_4mM), the samples show 
strong reflection peaks near to the commercial graphite, which implies that the graphene 
layers are more orderly stacked compared to the other materials. 
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Fig. 4.2.3.4 XRD spectra of GO, rGO, rGO_Cus, and CuO. 
Figure 4.2.3.5 shows the Raman spectra of GO, rGO, and rGO_Cu. Like in all other cases, the 
D/G ratio increases with increase of Cu precursor initially and then remains almost constant 
with higher Cu contents. The increase in D/G ratio and increase in Seebeck coefficient (Figure 
4.2.3.10) could be attributed to the quantum confinement of electrons in sp
2 
domains, as in the 
case of rGO_Ag nanoparticles.  
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Fig. 4.2.3.5 (a) Raman spectra and (b) D/G intensity ratios of GO, rGO, and rGO_Cus. 
Figure 4.2.3.6a shows the UV-visible absorption spectra of rGO_Cus. When compared with 
absorption spectrum of GO (Figure 4.2.1.4), the absorption peak of aromatic electrons is 
shifted from 230 nm to around 250 nm for rGO_Cus. Figure 4.2.3.6b shows the Tauc’s plot 
for rGO_Cus and the bandgaps from this plot are summarized in Table 4.5. It is observed that 
the bandgaps of rGO_Cus synthesised with Cu precursor concentration less than 8 mM are 
smaller than those of GO and rGO (Table 4.1). At higher precursor concentration (8 mM and 
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20 mM ) the bandgaps are higher than those of GO and rGO. This could be due to the 
presence of CuO, which has a very high bandgap. 
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Fig. 4.2.3.6 (a) UV-visible absorption spectra and (b) Tauc’s plots of rGO_Cus. 
Table 4.5 Bandgaps of rGO_Cus. 
Material 
Bandgap 
(eV) 
GO 3.73 
rGO 3.51 
rGO_Cu_1mM 1.8 
rGO_Cu_2mM 2.2 
rGO_Cu_4mM 1.7 
rGO_Cu_8mM 4.45 
rGO_Cu_20mM 4.25 
 
The elemental composition of the hybrid particle is analysed by XPS which gives information 
about the oxidation states as well. The analysis of C 1s spectra of GO and rGO were already 
explained in section 4.2.1.1. The introduction of CuO into the reduced graphene oxide did not 
significantly affect the shape of the C 1s spectra of rGO_Cu samples except rGO_Cu_20mM. 
Hence, the nature of the component and shake-up peaks of rGO_Cu samples except 
rGO_Cu_20mM is similar to that of rGO.  
The calculated [N]:[C] ratio was significantly lower as found for the other CuO containing 
samples. Hence, in the corresponding high-resolution C 1s spectrum a small component peak 
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B was separated. In fact, the entire shape of that C 1s spectrum was different to the shape of 
the reduced graphene oxide samples. To the component peaks discussed above, it was 
necessary to separate an additional component peak A at BE = 285.00 eV. This component 
peak showed the presence of considerable amounts of saturated hydrocarbons (CxHy). In 
coexistence, there were also the sp
2
-hybridized carbon atoms (component peak Gr) and the 
shake-up peaks resulting from the electron transitions between the  and * orbitals. 
 
Fig.4.2.3.7 XPS of C 1s of (a) rGO_Cu_1mM, (b) rGO_Cu_2mM, (c) rGO_Cu_4mM, (d) 
rGO_Cu_8mM and (e) rGO_Cu_20mM. 
Due to the spin-orbit-interaction (spin-orbit effect or spin-orbit coupling) all Cu 2p spectra are 
composed of the Cu 2p3/2 and Cu 2p1/2 peaks. The differences of the binding energy values 
BE = BE[Cu 2p3/2] – BE[Cu 2p1/2] were found between 19.7 and 19.95 eV, which was in a 
good agreement with the reference values (19.8 ≤ BEref  ≥ 19.9 eV [126]).Using the 
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sensitivity factors SF[Cu 2p3/2] = 3.547 and SF[Cu 2p1/2] = 1.774 the intensity ratios 
corresponded to the expected ratio of [Cu 2p3/2]:[Cu 2p1/2] = 1. 
The high-resolution Cu 2p spectra gave detailed insights in the binding of the copper ions on 
the reduced graphene oxide surface. As can be seen in the Figures the shape of the Cu 2p 
spectrum of rGO_Cu_20mM was different to the shapes of the Cu 2p spectra of other 
rGO_Cu samples. Beside the two clearly separated Cu 2p peaks, the Cu 2p spectrum of 
rGO_Cu_20mM clearly exhibited intensive shake-up peaks (satellites) at 942 and 962 eV. 
Compared to binding energies of the main lines of Cu 2p3/2and Cu 2p1/2 peaks the shake-up 
peaks are characterized by significantly higher binding energies. This fact cannot be explained 
with the potential oxidation states of the copper ions attached to the reduced graphene oxide 
surface. The Cu
2+
 ion has an unpaired electron in its 3d orbital (electron configuration: 
3s
2
3p
6
3d
9
4s
0
). Hence, copper in this open-shell system has paramagnetic character (µcalc = 
1.73 µB, where µcalc is the calculated magnetic moment of Cu
2+
, and µB the Bohr magneton). 
Photoelectrons that escaped from the Cu 2p orbitals and interacted with the magnetic fields of 
the unpaired electrons in the 3d orbitals lost small amounts of their kinetic energy resulting in 
the observation of the satellite peaks mentioned above. The intensities of the shake-up peaks 
reflect the strength of the effective magnetic moment of the Cu2+ ions attached to the reduced 
graphene oxide surface. In contrast to the high intensities of satellites in the Cu 2p spectrum 
of rGO_Cu_20mM all other Cu 2p spectra were characterized by missing satellite peaks or 
satellite peaks having low intensities. Obviously, the majority of the copper ions in these 
samples did not have a paramagnetic character. Their shell system appeared as a closed-shell 
system without unpaired electrons in the 3d and 4s orbitals, which is typical for Cu
+
 (electron 
configuration: 3s
2
3p
6
3d
10
4s
0
). It is assumed that the deposition of copper is accompanied by 
the formation of copper complexes. Nitrogen atoms having a free electron pair are able to 
provide an electron, which is accepted by the 3d shell of copper. Simultaneously, copper 
transfers electron density to the strongly electronegative nitrogen by the geometrically 
overlapping orbitals and increases the electron density on nitrogen. That back-donation 
explains the low binding energy values found for the N 1s peaks of the copper-loaded 
samples.  
Actually, the component peaks M of the Cu spectra of rGO_Cu_20mM and the other CuO-
loaded samples showed a small difference in their binding energy values. While component 
peak M of the Cu spectrum of rGO_Cu_20mM was found at BE = 932.86 eV the other 
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component peaks M were observed at BE ~ 932.09 eV. According to the database in [127] the 
binding energy of the Cu 2p3/2 peak cannot be used to analyse the oxidation state of copper. 
 
Fig. 4.2.3.8 XPS of Cu 2p of (a) rGO_Cu_1mM, (b) rGO_Cu_2mM, (c) rGO_Cu_4mM, (d) 
rGO_Cu_8mM and (e) rGO_Cu_20mM. 
The atomic compositions of GO, rGO, and rGO_Cus derived from the XPS analysis are 
summarized in Table 4.6. GO has the highest oxygen content of 26.08 %. The solvothermal 
reduction of GO resulted in a decreased oxygen content of 8.83 %. Further, when copper 
acetate was added, the oxygen content increased to values between 9.52 and 10.26 % for 
rGO_Cu samples except rGO_Cu_20mM. Also, Cu content increased from 2.04 % to 5.03 % 
for rGO_Cu_1mM to rGO_Cu_8mM, respectively. This is because of the small amount of 
formed CuO which was seen in SEM and EDX images (Figures 4.2.3.1 and4.2.3.3). In case of 
rGO_Cu_20mM, the oxygen content and copper content increased abruptly to 23.58 % and 
12.77 %, respectively, due to the formation of CuO which was also proved by XRD study 
(Figure 4.2.3.4), SEM and SEM-EDX images (Figures 4.2.3.1 and4.2.3.3). 
 94 
 
Table 4.6 Atomic copmposition of GO, rGO, and rGO_Cus. 
Sample 
Atomic concentration (%) 
C O N Cu 
GO 72.07 26.08 1.84 --- 
rGO 84.33 8.83 6.84 --- 
rGO_Cu_1_mM 76.85 10.19 10.92 2.04 
rGO_Cu_2_mM 75.71 10.26 11.4 2.63 
rGO_Cu_4_mM 74.67 9.83 11.14 4.37 
rGO_Cu_8_mM 75.04 9.52 10.41 5.03 
rGO_Cu_20_mM 60.13 23.58 3.52 12.77 
 
The thermal stability and the composition of the rGO_Cu hybrid particle is analysed by TGA, 
as in the case of rGO_Ag. GO exhibits weight loss between 150 °C and 300 °C and 450 °C 
and 500 °C, as explained in section 4.2.2.1. But, rGO exhibits weight loss at comparatively 
higher temperatures between 450 °C and 700 °C. The hybrid particles experiences weight loss 
at slightly lower temperatures (330 °C to 530 °C) compared to that of GO. The Table 4.6 
gives information about the quantity of CuO nanoparticle in the hybrid particle. The 
theoretical wt% of CuO is calculated by using the value obtained for the conversion (74 wt%) 
of GO to rGO experimentally, as already mentioned in section 3.2.1.6. The experimental wt% 
of CuO in hybrid particle is calculated from TGA.  
weight of rGO component in the hybrid particle = (disappeared weight * 100)/96 ……4.2.3.1 
wt% of CuO = residual weight of rGO_Cu – (0.04 * weight of rGO component in the hybrid 
particle).                                …..4.2.3.2  
In similarity with the discussions in section 4.2.2.1, to calculate the CuO wt%, the actual rGO 
component in the hybrid particle needs to be found. From the rGO degradation plot, 4 wt% 
remains at the end of the measurement which implies 96 wt% disappears. Hence, it is 
assumed that 96 wt% of the rGO component in all the hybrid particle also disappears. By 
using equation 4.2.3.1, weight of rGO component in the hybrid particle is calculated. 
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Subtracting 4 wt% of this rGO component from the residual weight of the hybrid particle 
gives the CuO wt% (equation 4.2.3.2). 
0 200 400 600
0
20
40
60
80
100
rGO_Cu_20mM
rGO_Cu_8mM
rGO_Cu_4mM
rGO_Cu_2mM
rGO_Cu_1mM
rGO
Temperature (°C)
W
ei
g
h
t 
(%
)
GO
 
Fig. 4.2.3.9 TGA of GO, rGO, and rGO_Cus. 
Table 4.6 Quantification of CuO content in the rGO_Cu hybrid particle. 
Hybrid particle Theoretical 
wt% of CuO * 
Residue at 600 
°C  
Experimental wt% of 
CuO *** 
rGO  4 **  
rGO_Cu_1mM 14 18 17 
rGO_Cu_2mM 22 26 30 
rGO_Cu_4mM 34 38 46 
rGO_Cu_8mM 38 42 63 
rGO_Cu_20mM 68 72 81 
* calculated considering rGO conversion as 74 wt%, ** residue at 700 °C, ***calculated from 
TGA plot 
4.2.3.2 Thermoelectric properties 
Figure 4.2.3.10 shows the thermoelectric properties of rGO_Cu synthesised with different Cu 
precursor concentration. Initially, at lower concentration (1 mM) the powder conductivity 
decreases abruptly from 0.26 S/cm for rGO to 0.08 S/cm and then as the precursor 
concentration increases the powder conductivity increases continuously up to 0.19 S/cm at 20 
mM precursor concentration, which is still smaller than the conductivity of non-modified 
rGO. The Seebeck coefficient increases with up to 2 mM precursor concentration to 39.8 
µV/K and then it decreases gradually. The resulting power factor increases gradually and then 
 96 
 
attains an almost constant value just slightly decreasing at high Cu contents. Since 
rGO_Cu_2mM has the highest power factor (0.019 µW/(m∙K2)) it was selected for 
preparation of composites (Chapter 4.3).  
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Fig. 4.2.3.10 Effect of precursor concentration on thermoelectric properties of rGO_Cus. 
 
4.2.4 Summary 
rGO was successfully modified by different methods. The use of VCl3 salt aided in efficient 
reduction of graphene oxide, thereby achieving very high electrical conductivity (up to 8 
S/cm) without substantial change in Seebeck coefficient. In rGO_Ag hybrid nanoparticle, the 
thermoelectric properties can be controlled by the concentration of Ag precursor. Maximum 
Seebeck coefficient obtained was 56.5 µV/K at 8 mM Ag precursor concentration, but it was 
accompanied with a very low electrical conductivity. However, by optimising the 
concentration of NH3, optimum Seebeck coefficient of 30 µV/K and electrical conductivity of 
0.15 S/cm was obtained. Also in case of rGO_Cu hybrid particles, thermoelectric properties 
were optimised by controlling the Cu precursor concentration. The optimised Seebeck 
coefficient and electrical conductivity are 39.8 µV/K and 0.12 S/cm, respectively.  
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4.3 SBS and SEBS composites based on rGO and modified rGO 
particles 
In the previous section, thermoelectric properties of the modified rGO nanoparticles were 
discussed. Though they have improved thermoelectric properties, they could not be used as 
such for real application, as they lack physical integrity. Hence, polymers which are flexible 
and can take in large amounts of fillers without much degradation in flexibility are used to 
prepare composites. Polystyrene-block-polybutadiene-block-polystyrene (SBS) and 
polystyrene-block-poly(ethylene-ran-butylene)-block-polystyrene (SEBS) (Figure 4.3.1) 
block copolymers were chosen as they are flexible and possess specific functionality in the 
chain backbone which will be discussed later. In this section the morphology and the 
thermoelectric properties of the composites are discussed.  
              
Fig. 4.3.1 Chemical structures of (a) SBS and (b) SEBS. 
4.3.1 rGO-based composites 
SBS and SEBS composites based on rGO were fabricated to be meant as a control sample, in 
order to highlight the improvement in thermoelectric properties of composites based on the 
modified rGO nanoparticles. All the composites reported in this section 4.3 were prepared by 
solution mixing technique, in which the required quantity of filler was added to 2 wt% of the 
polymer solution in THF and then the mixture was probe sonicated for 10 mins. Eventually, 
the dispersion was cast on a glass substrate and the peeled off samples were used for further 
characterisations (more details in section 3.2.2.3). 
4.3.1.1 Morphology of rGO composites 
Figure 4.3.1.1 shows the morphology of SBS/rGO composites with different rGO 
concentrations. Smooth cuts of the samples were prepared using a sharp blade and the cross-
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section morphology was analysed by SEM. The rGO particles are segregated towards the 
bottom of the sample. This is because of the slow drying which results in sedimentation of the 
particles due to gravity. As the rGO concentration increases the height of particles segregation 
increases. It was also observed that the electrical resistance at the top surface was very high (> 
10 G), even for the highest concentration, while the bottom side behaves conductive. For 
construction of thermoelectric devices, this kind of layered morphology is an added 
advantage, as this eliminates the need for an additional insulating layer [88].  
 
 
Fig. 4.3.1.1 SEM micrographs of SBS_rGO composites containing (a) 0.5 wt%, (b) 10 wt%, 
and (c) 30 wt% rGO, and of SEBS_rGO composites containing (d) 0.5 wt%, (e) 10 wt%, and 
(f) 30 wt% rGO. 
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4.3.1.2 Electrical properties of rGO composites 
All conductivities discussed in the following are measured at the bottom side of the composite 
films, while the topside behaves like an insulator caused by the filler sedimentation (see 
above). From Figure 4.3.1.2 which shows the electrical conductivity of SBS and SEBS 
composites with different rGO concentrations, it is inferred that both types of composites had 
a percolation threshold of about 1 wt% (0.43 vol%) calculated from the density data of the 
components [114]. This value is in the range of other solution processed composites like 0.1 
vol% determined for functionalized graphene epoxy nanocomposite, 0.53 vol% for neat 
graphene containing epoxy nanocomposite [128], or 0.1 vol% for polystyrene/graphene 
nanocomposite [129], and also compared to melt mixed composites like 0.47 vol% for 
poly(ethylene terephthalate)/graphene nanocomposites [130] and 0.5 vol% for 
polycarbonate/functionalised graphene sheet composites [131]. . However, the value is  lower 
than other melt mixed nanocomposites like 4-10 wt% for polycarbonate composites with 
differently structured graphite nanoplates and 2 wt% for polycarbonate single layer graphene 
nanocomposites [132]. 
The maximum electrical conductivity achieved for SBS/rGO and SEBS/rGO composites are 
0.016 S/cm at 50 wt% and 0.042 S/cm at 40 wt%, respectively. These values are 
comparatively smaller than in other reported composites. For instance, Stankovich et al. 
attained a maximum conductivity of ~0.01 S/cm at a relatively lower loading of 5.5 wt% in 
polystyrene/graphene nanocomposite [129]. Zhang et al. attained the similar maximum 
conductivity of 0.01 S/cm at a graphene content of 7 wt% [130]. In general, SBS and 
SEBS/rGO composites have lower conductivity than the literature-reported values, certainly 
caused by the lower electrical conductivity of rGO compared to graphene. 
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Fig. 4.3.1.2 Electrical conductivity of SBS and SEBS composites with different rGO contents. 
 100 
 
4.3.1.3 Thermoelectrical properties of rGO composites 
As electrical conductivity, the thermoelectrical properties also were measured at the bottom 
side of the prepared composite films. Figure 4.3.1.3 shows the variation of Seebeck 
coefficient of SBS and SEBS composites with temperature at different concentrations. For 
SBS composites, the composite containing 50 wt% rGO has the highest Seebeck coefficient 
and the Seebeck coefficient decreases with increasing temperature. Interestingly, at low filler 
content an increase of the Seebeck coefficient with raising temperature was observed and it 
becomes at 100 °C even higher than that of the composite with highest rGO content. In 
general, the Seebeck coefficients vary between 5 and 10 µV/K. In case of SEBS composites, 
composites with 30% loading showed the highest Seebeck coefficient and the Seebeck 
coefficient increases slightly with increasing rGO concentration. In general here as well, the 
Seebeck coefficients are between 5 and 10 µV/K. These values are lower compared to other 
graphite-derivative based composites. For instance, Dey et al. reported a Seebeck coefficient 
of ~20 µV/K at room temperature for PVAc/rGO (60 – 95 wt%) [133]. Sun et al. made 
PVDF/GNP composite and attained a Seebeck coefficient of 27 µV/K (5-15 wt%) [134]. 
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Fig. 4.3.1.3 Temperature dependent Seebeck coefficients of (a) SBS_rGO and (b) SEBS_rGO 
composites. 
Figure 4.3.1.4 shows the temperature dependence of the electrical conductivities of SBS and 
SEBS composites. It is to be mentioned that the electrical conductivity reported here was 
measured by means of the Seebeck device (Figure 3.7), moreover, at higher temperature than 
reported in section 4.3.1.2. So there is a slight deviation in the values when compared with 
Figure 4.3.1.2. The general trend of increase of electrical conductivity with rGO loading is 
witnessed for both the composites. In case of both the composites, at lower concentrations the 
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electrical conductivity almost remains constant with temperature. But at higher concentrations 
the increase is apparent.  
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Fig. 4.3.1.4 Temperature dependent electrical conductivities of (a) SBS_rGO and (b) 
SEBS_rGO composites. 
Figure 4.3.1.5 shows the dependence of the power factors of SBS and SEBS on the 
composites temperature at different rGO contents. In case of SBS composites, at lower 
concentrations the power factors are around 1x10
-5
 µW/(m K
2
), but at highest concentration it 
increases abruptly to around 8 x10
-5
 µW/(m K
2
)
 
. But in case of SEBS composites, it increases 
gradually with rGO loading. SEBS/50 wt% rGO exhibits the highest power factor of around 
110-4 µW/(m K2). Speaking of temperature dependence, it is seen that at lower contents the 
power factor remains almost constant with temperature. At higher contents, 50 wt% for SBS 
composite and 30 wt% and 50 wt% for SEBS composites, the power factor decreases 
substantially at higher temperatures. 
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Fig. 4.3.1.5 Temperature dependent power factors of (a) SBS_rGO and (b) SEBS_rGO 
composites.  
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Figure 4.3.1.6 shows the densities and thermal conductivities of SBS/rGO and SEBS/rGO 
composites. It is seen that the densities of SBS/rGO composites lie around 1.2 g/ cm
3
 with a 
slight increase in value with increasing rGO loading. In case of SEBS composites there is an 
obvious increasing trend seen, with values between 1 and 1.4 g/cm
3
. The thermal conductivity 
of graphene is given in [135-138] to be between 600 and 5000 W/(m∙K), depending on the 
method of preparation. The thermal conductivities of SBS and SEBS block copolymers were 
determined to be 0.05 W/(m∙K) and 0.03 W/(m∙K), respectively. Thermal conductivities of 
the SBS composites are very low and close to that of the matrix polymer at lower rGO 
contents; at higher concentration it increases slightly and reaches 0.16 W/(m∙K) at 50 wt% 
(Figure 4.3.1.6a). In case of SEBS composites (Figure 4.3.1.6b), the thermal conductivities 
vary around 0.1 W/(m∙K). The obtained values are substantially lower than many other 
composites meant for thermoelectric application. For instance, Liebscher et al. attained 
thermal conductivity of 0.28 W/(m∙K) for PC /2.5 wt% MWCNT [90]. Wang et al. obtained 
thermal conductivity of 0.25 W/(m∙K) for PANI/ 90 wt% graphene composite [139]. Sun et 
al. attained a thermal conductivity of 0.95 W/(m∙K) at 15 wt% GNP concentration in PVDF 
composite [134]. 
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Fig. 4.3.1.6 Densities and thermal conductivities of (a) SBS_rGO and (b) SEBS_rGO 
composites.  
For characterization of the performance of thermoelectric materials often the Figure of merit 
is used. Figure 4.3.1.7 shows the ZT values of SBS/rGO and SEBS/rGO composites. The 
maximum value for SBS and SEBS composites are 1.6 x 10
-7
 and 3.5 x 10
-7
, respectively. 
These values are far lower than literature values, e.g. Dey et al. reported 0.0048 for PVAc/80 
wt% graphene-TiO2 and 0.0031 for PVAc/80 wt% graphene-Fe2O3 [109, 110]. 
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Fig. 4.3.1.7 ZT values of (a) SBS_rGO and (b) SEBS_rGO composites.  
 
 
4.3.2 rGO_V 
Note: The content of this chapter is published in the journal of Materials Chemistry and 
Physics along with Sumanta Samanta, Jürgen Pionteck, Dieter Jehnichen, Frank Simon, Petra 
Pötschke, and Brigitte Voit. , named, Vanadium salt assisted solvothermal reduction of 
graphene oxide and the thermoelectric characterization of the reduced graphene oxide in bulk 
and as composite (Doi: 10.1016/j.matchemphys.2019.03.002). 
From the section 4.2.1 it is known that the electrical conductivity of rGO_V_4mM is higher 
than that of rGO and the Seebeck coefficient is almost comparable. For the following 
discussions rGO_V_4mM will be designated as rGO_V for simplicity. It is expected that 
composites based on rGO_V have higher electrical conductivities than those of the 
composites based on rGO, thereby exhibiting higher power factors as well. Polymer 
composites based on rGO_V were also synthesised by solution mixing technique as explained 
in section 4.3.1 and the resulting film was used for further characterisations (more details in 
section 3.2.2.3). 
4.3.2.1 Morphology of rGO_V composites 
Figure 4.3.2.1 shows the morphology of SBS and SEBS/rGO_V composites at different 
concentrations. The sample was cut using a sharp blade to observe the morphology of cross-
section, as in the case of rGO. The dispersibility of the filler is not affected by the vanadium 
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modification. The morphologies of the rGO_V containing composites are similar to those of 
the rGO containing composites (Figure 4.3.1.1). 
4.3.2.2 Electrical properties of rGO_V composites  
 
Fig. 4.3.2.1 SEM micrographs of SBS_rGO_V composites containing (a) 0.5 wt%, (b) 10 
wt%, and (c) 30 wt% rGO_V and SEBS_rGO_V composites containing (d) 0.5 wt%, (e) 10 
wt%, and (f) 30 wt% rGO_V.  
As in the case of rGO containing composites, the top surfaces of the casted films were almost 
insulating and the here reported values are those measured at the bottom of the sample. From 
Figure 4.3.2.2, the percolation threshold of both the types of composites were same and about 
1 wt% (0.43 vol%), calculated from the density data of the components [114]. This value 
seems to be similar to that of SBS/rGO and SEBS/rGO composites. The maximum 
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conductivity achieved for SBS/rGO_V composites is 0.024 S/cm at 30 wt% filler content 
which is about one decade higher in comparison with the corresponding SBS/rGO composite. 
The maximum conductivity achieved for SEBS/rGO_V composites is 0.09 S/cm at 30 wt% 
filler content which is more than one order of magnitude higher to the corresponding 
SEBS/rGO composite. These maximum values are almost similar to the reported values in 
literature. Stankovich et al. obtained a conductivity of 0.01 S/cm for PS/5 wt% rGO 
composite [129] and Zhang et al. reported a conductivity of 0.02 S/cm for PET/5 wt% 
graphene [130]. 
0 5 10 15 20 25 30 35
10
-18
10
-13
10
-8
10
-3
 SBS-rGO_V
 SEBS-rGO_V
E
le
ct
ri
ca
l 
co
n
d
u
ct
iv
it
y
 (
S
/c
m
)
rGO_V content (wt%)
 
Fig. 4.3.2.2 Electrical conductivities of SBS/rGO_V and SEBS/rGO_V composites. 
4.3.2.3 Thermoelectrical properties of rGO_V composites 
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Fig. 4.3.2.3 Temperature dependent Seebeck coefficients of (a) SBS_rGO_V and (b) 
SEBS_rGO_V composites. 
Figure 4.3.2.3 shows the temperature dependent Seebeck coefficients of SBS/rGO_V and 
SEBS/rGO_V composites. In both series of composites the Seebeck coefficients are in 
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between 5 and 10 µV/K and tend to decrease with increasing rGO_V loading. These values 
are almost similar to the corresponding rGO composites. Hence, reduction with vanadium salt 
does not change the Seebeck coefficient of the resulting composites.  
Figure 4.3.2.4 shows the temperature dependent electrical conductivities of SBS and 
SEBS/rGO_V composites. As reported in section 4.3.1.3 the electrical conductivity reported 
here was measured from Seebeck device (Figure 3.7) at higher temperature than reported in 
section 4.3.2.2, so there is slight deviation in values when compared with Figure 4.3.2.2. The 
general trend of increase in electrical conductivity with loading is seen in both the cases. The 
electrical conductivity is almost constant at all temperature, the only exception being 
SBS/30% rGO_V. Compared with rGO composites, rGO_V composites have one decade 
higher electrical conductivity. This is expected, as the powder conductivity of rGO_V was 
higher than that of rGO. 
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Fig. 4.3.2.4 Temperature dependent electrical conductivities of (a) SBS_rGO_V and (b) 
SEBS_rGO_V composites.  
Figure 4.3.2.5 shows the temperature dependent power factors of SBS and SEBS/rGO_V 
composites. In case of both the composites, at low concentrations (5 and 10 wt%) the power 
factors are almost constant at all temperatures and they lie around 10
-5
 µW/(m∙K2). At higher 
concentrations (15 and 30 wt%) an uneven trend is observed. In both the composites highest 
power factor is around 10
-4
 µW/(m∙K2). 
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Fig. 4.3.2.5 Temperature dependent power factors of (a) SBS_rGO_V and (b) SEBS_rGO_V 
composites.  
Figure 4.3.2.6 shows the densities and thermal conductivities of SBS/rGO_V and 
SEBS/rGO_V composites. It is seen that the densities of SBS/rGO_V composites lie between 
1 and 1.2 g/ cm
3
 with a slight increase in value with increasing rGO content in similarity with 
SBS/rGO composite. The same trend is witnessed with SEBS/rGO_V composite as well with 
densities lying between 1 and 1.2 g/cm
3
. Thermal conductivity of the SBS composites plotted 
in Figure 4.3.2.6a are close to that of the matrix polymer at lower rGO contents (5-15 wt%), at 
highest concentration it increases slightly and reaches 0.1 W/(m∙K) at 30 wt%. In case of 
SEBS composites (Figure 4.3.2.6b), the thermal conductivities lie around 0.1 W/(m∙K) at all 
concentrations. Thermal conductivities of SBS/rGO_V and SEBS/rGO_V composites are 
nearly the same as those of the corresponding rGO composites. From the discussions in 
section 4.2.1.1, it was concluded that rGO_V has higher reduction degree than rGO implying 
that rGO_V has better reconstruction of graphene lattice than rGO. Hence, it was expected 
that rGO_V composites would have higher thermal conductivity than the corresponding rGO 
composites, but there is no such an increase observed for the use of vanadium salt for 
reduction on the thermal conductivities of the composites. This could be because of the 
presence of polymer molecules between the particles that scatter the phonon vibrations.  
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Fig. 4.3.2.6 Thermal conductivities of (a) SBS_rGO_V and (b) SEBS_rGO_V composites.  
Figure 4.3.2.7 displays the ZT values of SBS/rGO_V and SEBS/rGO_V composites. The 
maximum ZT value for both the composites is same, amounting to10
-6 
and occurring at 15 
wt% loading. Comparing these values with those of rGO composites in Figure 4.3.1.7, it is 
apparent that rGO_V composites exhibit higher ZT. Comparing the composites based on SBS, 
SBS/rGO_V exhibits 6 times higher value than SBS/rGO. In case of SEBS based composites, 
SEBS/rGO_V exhibits 3 times higher ZT than the SEBS/rGO composite. Though there is a 
substantial increase in ZT with vanadium modification, howeer, the values are still lower than 
the literature values. To cite a few of those occurrences: Dey et al. prepared PVAc/80 wt% 
graphene/Fe2O3 hybrid nanoparticle which had a ZT of 0.0031 [110] and they also prepared 
PVAc/80 wt% graphene/TiO2 nanoparticle which had a ZT of 0.0048 [109].   
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Fig. 4.3.2.7 ZT values of (a) SBS_rGO_V and (b) SEBS_rGO_V composites.  
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4.3.3 rGO_Ag 
From the section 4.2.2 it is found that rGO_Ag_4mM exhibits higher Seebeck coefficient than 
rGO accompanied with comparable electrical conductivity. In this section, for simplicity 
rGO_Ag_4mM will be designated just as rGO_Ag. It is expected that SBS and SEBS 
composites based on rGO_Ag would exhibit higher Seebeck coefficient than rGO, while 
exhibiting similar electrical conductivity. Polymer composites based on rGO_Ag were 
prepared akin to rGO and rGO_V composites by solution mixing technique as explained in 
section 4.3.1  and the resulting film was used for further characterizations (more details in 
section 3.2.2.3). 
4.3.3.1 Morphology of rGO_Ag composites 
Figure 4.3.3.1 shows the morphology of SBS/rGO_Ag nanocomposites at different rGO_Ag 
contents. Here, the cross-section of the sample was observed at smooth cuts prepared with a 
sharp blade and also the morphology of the bottom surface of the sample was analysed. As 
observed for the previous composites, the particles seem to aggregate and to sediment towards 
the bottom of the sample. When compared with Figure 4.2.2.1c, it is observed that there is no 
integrity between rGO and Ag particles. This means that Ag particle separates from rGO 
sheets during the solvent mixing process. As the concentration increases, the segregated 
structures get more compact. Like in other composites studied before, here as well the top 
surface was almost insulating and the reported values are those measured at the bottom side of 
the sample. 
Figure 4.3.3.2 shows the morphology of SEBS/rGO_Ag nanocomposites at different rGO_Ag 
contents. The morphology is similar like that of SBS/rGO_Ag composites. 
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Fig. 4.3.3.1  SEM micrographs of SBS_rGO_Ag composites containing (a) 1 wt%, (b) 10 
wt%, (c) 30 wt%, and (d) 50 wt% rGO_Ag (left-cross sectional view, right-bottom view). 
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Fig. 4.3.3.2 SEM micrographs of SEBS_rGO_Ag composites containing (a) 1 wt%, (b) 10 
wt%, (c) 30 wt%, and (d) 50 wt% rGO_Ag (left-cross sectional view, right-bottom view). 
 112 
 
4.3.3.2 Electrical properties of rGO_Ag composites 
From Figure 4.3.3.3 it is observed that the percolation threshold of SBS/rGO_Ag composite 
was around 1 wt% (0.43 vol%) and that of SEBS/rGO_Ag composite was 2.5 wt% (1.17 
vol%). However,SEBS composite has higher conductivity than SBS composites at similar 
loading except at the highest loading. The percolation threshold of SBS/rGO_Ag composite is 
similar as for SBS/rGO composite. On the Contrary, the percolation threshold of 
SEBS/rGO_Ag composite is relatively higher than for the SEBS/rGO composite. Maximum 
conductivity was achieved at 50 wt% in both the cases, 4.7 10
-3
 S/cm for SBS and 3.6 10
-3
 
S/cm for SEBS. These conductivities are lower compared to their rGO composite 
counterparts. 
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Fig. 4.3.3.3 Electrical conductivities of SBS/rGO_Ag and SEBS/rGO_Ag composites. 
4.3.3.3 Thermoelectrical properties of rGO_Ag composites  
SBS composites exhibit negative Seebeck coefficient and SEBS composites exhibit positive 
Seebeck coefficient (Figure 4.3.3.4). Graphene per se is a zero bandgap semiconductor, 
implying the presence of equal number of holes and electrons responsible for charge flow. 
Theoretically, it should exhibit a Seebeck coefficient of 0 µV/K [140]. In reality, there are 
always impurities which alter the band structure. This is the case with rGO, where oxygen 
impurities make it a p-type material. The phenomena of SBS composites exhibiting n-type 
behaviour could be attributed to the presence of pi electrons in SBS main chain. It is expected 
that SBS delocalises its  electron onto graphene; this fills the holes with electrons and 
increases the contribution of electron to the charge flow making it an n-type material, as 
sketched in Figure 4.3.3.5. In the hybrid nanoparticle before the addition of SBS, the electrons 
are present only in the valence band, which is indicated by dark red colour in the Figure 
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4.3.3.5. The  electrons in SBS are represented by light red colour. After the nanocomposite 
formation, the doping phenomenon is shown by the change of colour of graphene layers from 
blue to red. Consequently, the filling up of electrons from SBS to conduction band of the 
hybrid nanoparticle is represented by dark red colour in the band structure. 
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Fig. 4.3.3.4 Temperature dependent Seebeck coefficients of (a) SBS_rGO_Ag and (b) 
SEBS_rGO_Ag composites.  
In addition to the above effect, it is to be noted that the magnitude of Seebeck coefficient of 
both the nanocomposites were considerably lower than the intrinsic value of rGO_Ag 
nanoparticles. The magnitudes of maximum Seebeck coefficient at lowest measured 
temperature were 21.05 µV/K and 19.5 µV/K, respectively for SBS and SEBS composites. 
These values are substantially lower than those of pristine rGO_Ag nanoparticles, 30 µV/K. 
The reason is not understood absolutely, but could be associated with the change in 
morphology of the nanoparticles when made as a composite. The morphology of rGO_Ag 
particle (Figure 4.2.2.1) shows that Ag nanoparticle has good contact with graphene sheets. 
But, in case of composites it is observed that the polymer is intercalated between graphene 
sheets and Ag nanoparticles, which prevents the contact between graphene layers and Ag. 
Nevertheless, the Seebeck coefficient is higher when compared to the rGO counterparts. At 
very high concentration, 50 wt% filler content, the Seebeck coefficient of SBS composite 
shifts towards positive direction and the magnitude at lowest measured temperature is 12.4 
µV/K. This is because at very high loading there are not enough polymer molecules to dope 
the nanoparticles. In case of SBS composites the Seebeck coefficient was found to increase in 
negative direction with temperature at all compositions. At high temperature polymer chains 
have higher mobility and can dope the nanoparticles more efficiently. In case of SEBS 
composites the Seebeck coefficient decreases slightly in the positive direction. At higher 
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temperature more charge carriers enter the conduction band resulting in the band gap decrease 
which ultimately leads to a decrease in the Seebeck coefficient. 
 
 
Fig. 4.3.3.5 Mechanism of n-type semiconducting behaviour of SBS/rGO_Ag composite. 
As expected the electrical conductivity of SBS and SEBS composites increases almost 
linearly with temperature (Figure 4.3.3.6). The maximum conductivities were achieved at 100 
°C for 50 wt% filler containing composite, which are 0.0069 S/cm and 0.0036 S/cm for SBS 
and SEBS composites, respectively. 
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Fig. 4.3.3.6 Electrical conductivities of SBS/rGO_Ag and SEBS/rGO_Ag composites. 
Figure 4.3.3.7 shows the power factors of SBS and SEBS/rGO_Ag composites. As expected, 
power factor increases with increase in rGO_Ag content in both cases.  
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Fig. 4.3.3.7 Temperature dependent power factors of (a) SBS_rGO_Ag and (b) 
SEBS_rGO_Ag composites.  
From Figure 4.3.3.8 it is observed that the densities of nanocomposites lie between 1.1 g/cm
3
 
and 1.5 g/cm
3
 even after adding 50 wt% of rGO_Ag. The intrinsic density of a FCC silver 
crystal is 10.49 g/cc [141] and that of rGO is 2.2 g/cm
3
 [114] . The densities of the composites 
are far lower than theoretical densities calculated from the above mentioned densities of rGO 
and silver. This could be because of the presence of Ag nanoparticle which hinders the proper 
stacking of graphene sheets, resulting in void formation. Densities of SBS/rGO_Ag 
nanocomposites lie between 1.1 and 1.3 g/cm
3
 which are almost similar to that of the 
corresponding SBS/rGO composite. Densities of SEBS/rGO_Ag nanocomposites also lie 
between nearly similar values as those of SBS/rGO_Ag composites, 1.1 and 1.4 g/cm
3
 which 
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are also almost similar to those of the corresponding SEBS/rGO composites. Thermal 
conductivities of the composites (Figure 4.3.3.8) are very low and close to that of the matrix 
polymer. It seems that there is no influence of the rGO_Ag nanoparticles on the thermal 
conductivity of the composites. The obtained values are substantially lower than those of all 
the above mentioned composites. The low density could be responsible for this behaviour. 
The voids between graphene sheets and Ag nanoparticle scatter phonons, thus ending up with 
very low thermal conductivity. Moreover, the segregated network structure also hinders the 
transfer of phonons, thereby complementing to the lowered thermal conductivity. Figure 
4.3.3.9 shows the ZT values of SBS and SEBS composites. Maximum ZT values for SBS and 
SEBS composites are 2.310-6 and 9.510-6, respectively, achieved at 50 wt% filler 
concentration. These values are higher than corresponding rGO and rGO_V counterparts, but 
lesser than values reported in literatures. Dey et al. produced PVAc/80 wt% graphene/Fe2O3 
hybrid nanoparticle which exhibited a ZT of 0.0031 [110] and they also produced PVAc/80 
wt% graphene/TiO2 nanoparticle which exhibited a ZT of 0.0048 [109]. 
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Fig. 4.3.3.8 Densities and thermal conductivities of (a) SBS_rGO_Ag and (b) SEBS_rGO_Ag 
composites (dotted lines show theoretical density). 
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Fig. 4.3.3.9 ZT of (a) SBS_rGO_Ag and (b) SEBS_rGO_Ag composites.  
 
 
4.3.4 rGO_Cu 
In section 4.2.3 higher Seebeck coefficient and slightly lesser electrical conductivity were 
found for rGO_Cu_2mM compared to rGO. In the following sections, rGO_Cu_2mM will be 
designated as rGO_Cu as for other cases. SBS and SEBS composites based on rGO_Cu are 
expected to have higher Seebeck coefficients than corresponding rGO. Alike previous 
composites, rGO_Cu based composites were also prepared by solution mixing technique as 
briefed in section 4.3.1 and the resulting film was used for further characterisations (more 
details in section 3.2.2.3). 
4.3.4.1 Morphology of rGO_Cu composites 
Figure 4.3.4.1 shows the morphology of SBS/rGO_Cu composites at different concentrations. 
As in the case of rGO_Ag composites, the morphology of surfaces of smooth cuts and the 
bottom surface of the film was analysed. As observed with other composites the nanoparticles 
segregate towards bottom. As the nanoparticle concentration is increased the segregation 
height increases and the conducting network becomes more compact. Like before, here the 
top surface was almost insulating and the reported conductivity values are those measured at 
the bottom of the sample. 
20 
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Fig. 4.3.4.1 SEM micrographs of SBS_rGO_Cu composites containing (a) 1 wt%, (b) 10 
wt%, and (c) 30 wt% rGO_Cu(left: cross sectional view, right: bottom view). 
Figure 4.3.4.2 shows the morphology of SEBS/rGO_Cu composites at different compositions. 
The morphology observed is similar to that of SBS/rGO_Cu composites. 
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Fig. 4.3.4.2  SEM micrographs of SEBS_rGO_Cu composites containing (a) 1 wt%, (b) 10 
wt%, and (c) 30 wt% rGO_Cu (left: cross sectional view, right: bottom view). 
 
4.3.4.2 Electrical properties of rGO_Cu composites 
The percolation threshold (Figure 4.3.4.3) of SBS/rGO_Cu composites is around 1 wt% and 
that of SEBS/rGO_Cu composite is 1.5 wt% filler. The percolation threshold is nearly in 
compliance with that of rGO composites. Both the composites attains plateau at around 10
-3
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S/cm. Maximum conductivity was achieved at 30 wt% in both the cases, 1.59 x 10
-3
 S/cm for 
SBS and 1.01 x 10
-3
 S/cm for SEBS.  
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Fig. 4.3.4.3 Electrical conductivities of SBS/rGO_Cu and SEBS/rGO_Cu composites. 
4.3.4.3 Thermoelectrical properties of rGO_Cu composites 
Figure 4.3.4.4 shows the dependence of Seebeck coefficient on temperature for SBS/rGO_Cu 
and SEBS/rGO_Cu composites. It is observed that the Seebeck coefficients of the former are 
between 35 and 43 µV/K at 40 °C and then they increase with temperature. In case of SEBS 
counterparts the Seebeck coefficients vary between 30 and 35 µV/K at 40 °C and they 
increase slightly with temperature. These values are almost close to the intrinsic Seebeck 
coefficient of rGO_Cu nanoparticle (39.8 µV/k). Unlike rGO_Ag composites, rGO_Cu 
composites retain the thermoelectric properties of the nanoparticle. This means that the Cu 
stays integrated with the graphene sheets. Moreover, unlike SBS/rGO_Ag composites 
SBS/rGO_Cu composites do not exhibit negative Seebeck coefficient. This could be because 
the Cu atoms prevent the accessibility of π electrons of butadiene segments of SBS to reach 
the delocalised electron cloud of graphene sheets. 
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Fig. 4.3.4.4 Temperature dependent Seebeck coefficients of (a) SBS_rGO_Cu and (b) 
SEBS_rGO_Cu composites.  
Figure 4.3.4.5 shows the dependence of electrical conductivities of SBS/rGO_Cu and 
SEBS/rGO_Cu composites on temperature. At lower concentration the conductivity remains 
almost constant at all temperatures, but at higher concentration the conductivity increases with 
temperature.  
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Fig. 4.3.25 Electrical conductivities of (a) SBS/rGO_Cu and (b) SEBS/rGO_Cu composites. 
Figure 4.3.4.6 shows the variation of power factors of SBS/rGO_Cu and SEBS/rGO_Cu 
composites with temperature at different contents. Maximum power factor achieved was 2.2 x 
10
-3
 and 3.8 x 10
-3
 µW/(m∙K2) for SBS/25 wt% rGO_Cu and SEBS/30 wt% rGO_Cu, 
respectively.  
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Fig. 4.3.4.6 Temperature dependent power factors of (a) SBS_rGO_Cu and (b) 
SEBS_rGO_Cu composites.  
From Figure 4.3.4.7 it is observed that the densities of both types of composites are 
approximately 1 g/cm
3
. These values are comparatively lower than the theoretical densities 
calculated from the densities of rGO (2.2 g/cm
3
) and CuO (8.96 g/cm
3
). These reduced 
densities are due to the presence of CuO particles that prevents the regular stacking of 
graphene layers, thus leading to the formation of voids. Their thermal conductivities are 
around 0.1 W/(m∙K). These values are also almost similar when compared to corresponding 
rGO composites at same concentration. Hence, modification by Cu atoms does not affect the 
thermal conductivity. 
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Fig. 4.3.27 Densities and thermal conductivities of (a) SBS_rGO_Cu and (b) SEBS_rGO_Cu 
composites (dotted black lines represent theoretical densities).  
The maximum ZT achieved is 2.73 x 10
-6
 and 4.47 x 10
-6
 for SBS/ 25 wt% rGO_Cu and 
SEBS/ 30 wt% rGO_Cu composites respectively. In general, these values are higher than rGO 
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composites by one order of magnitude. This is mainly due to their higher Seebeck 
coefficients. However, these values are much lower compared to the values reported in other 
works, for instance, Dey et al. produced PVAc/80 wt% graphene/Fe2O3 hybrid nanoparticle 
which exhibited a ZT of 0.0031 [110] and they also produced PVAc/80 wt% graphene/TiO2 
nanoparticle which exhibited a ZT of 0.0048 [109]. 
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Fig. 4.3.28 ZT values of (a) SBS_rGO_Cu and (b) SEBS_rGO_Cu composites.  
4.3.5 Summary 
With the goal to produce flexible and easy processable thermoelectric materials, composites 
based on rGO, rGO_V, rGO_Ag and rGO_Cu with SBS and SEBS as matrix were 
successfully prepared. The thermoelectric properties of the composites are summarised below 
in Table 4.7 highlighting the maximum values obtained for electrical conductivity, Seebeck 
coefficient, and ZT. It is found that composites based on rGO_V exhibited substantially 
higher electrical conductivity than composites based on other nanoparticles, maximum being 
0.073 S/cm for SEBS/30 wt% rGO_V composite at 40 °C. Composites based on rGO_Cu 
exhibited highest Seebeck coefficient, maximum being 43.1 µV/K for SBS/20 wt% rGO_Cu 
composite at 40 °C. Thermal conductivities of all the composites are widely independent on 
filler modification and lie between 1 and 1.5 W/(m∙K), which is much lower than values 
reported in most of the literatures. For instance, Wang et al. obtained thermal conductivity of 
0.25 W/(m∙K) for PANI/ 90 wt% graphene composite [139] and Sun et al. attained a thermal 
conductivity of 0.95 W/(m∙K) at 15 wt% GNP concentration in PVDF composite 
[134].Maximum ZT was exhibited by SEBS/50 wt% rGO_Ag composite, being 9.5 10-6 at 
40 °C. Moreover, n-type composite was developed, where SBS could dope the rGO_Ag 
nanoparticle by donating its π electrons. As it was possible to develop p-type and n-type 
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materials from these composites, they have the potential to be built as a thermoelectric 
generator.  
Table 4.7 Thermoelectric properties of SBS and SEBS nanocomposites based on rGO and 
modified rGO nanoparticles. 
Nanoparticle 
Polymer 
matrix 
Loading  
( wt%) 
Electrical 
conductivity 
(S/cm) 
Seebeck 
coefficient 
(µV/K) 
ZT 
rGO 
 
SBS 
30 0.0015 7.9 1.2 10-7 
40 0.0034 8.7 9.1 10-8 
50 0.0083 10.0 1.6 10-7 
SEBS 
30 0.0053 9.3 2.0 10-7 
40 0.0172 7.5 3.5 10-7 
50 0.0275 6.0 2.3 10-7 
rGO_V 
 
SBS 
10 0.0035 9.0 1.07 10-7 
15 0.0523 6.8 9.9 10-7 
30 0.0730 4.5 4.3 10-7 
SEBS 
10 0.0120 9.9 3.9 10-7 
15 0.0427 8.4 1.0 10-6 
30 0.0471 7.7 9.8 10-7 
rGO_Ag 
 
SBS 
30 0.0001 -20.1 3.7 10-7 
40 0.0006 -21.0 1.6 10-6 
50 0.0032 -12.4 2.8 10-6 
SEBS 
30 0.0019 12.9 2.0 10-6 
40 0.0032 12.4 2.6 10-6 
50 0.0048 19.5 9.5 10-6 
rGO_Cu 
 
SBS 
20 0.0009 43.1 5.7 10-7 
25 0.0060 35.1 2.7 10-6 
30 0.0064 38.1 2.4 10-6 
SEBS 
20 0.0016 31.0 5.3 10-7 
25 0.0025 34.8 9.6 10-7 
30 0.0130 33.5 4.5 10-6 
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4.4 SBS and SEBS composites based on SWCNTs 
In this section, thermoelectric properties of SBS and SEBS composites based on single walled 
carbon nanotubes (SWCNTs) will be discussed. As discussed in chapter 2, the lower the 
dimensionality of the material is, the higher the Seebeck coefficient will be. SWCNT is an 
interesting material to support this claim, as they are 1D material. Moreover, SWCNTs are 
predominantly semiconducting unlike MWCNTs. Hence, it is expected that SWCNT 
composites will exhibit higher Seebeck coefficients. It is also expected that like 
SBS/rGO_Ag, SBS/SWCNT would also exhibit negative Seebeck coefficient. 
The SBS/SWCNT composites were prepared by solution mixing technique in which probe 
sonicator was used to disperse SWCNT. The dispersion was casted on a glass petri dish, 
followed by compression moulding of small pieces of the casted sample (more details in 
section 3.2.2.4).  
4.4.1 Morphology of SWCNT composites 
    
     
Fig. 4.4.1 SEM micrographs of SBS/SWCNT composites containing (a) 0.5 wt%, (b) 1 wt%, 
(c) 3 wt%, and (d) 5 wt% filler. 
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Fig. 4.4.2 SEM micrographs of SEBS/SWCNT composites containing (a) 0.5 wt%, (b) 1 
wt%, (c) 3 wt%, and (d) 5 wt% filler. 
Figure 4.4.1 and 4.4.2 presents the morphology of SBS and SEBS nanocomposites at different 
SWCNT contents, respectively. Top surface of the sample was observed through SEM 
without using any additional conductive coating. It is observed that SWCNT bundles are 
nicely disentangled and dispersed owing to the high sonication energy overcoming the Van 
der Waals forces specifically contributed by - stacking phenomena. The tubes appear to be 
thicker than individual tubes, which means that most of them still exist as thin bundles. The 
percolated network is clearly visible at all concentrations (Figure 4.4.1 and 4.4.2). In case of 
SEBS composites, it is observed that SWCNT is oriented in one direction. This could be 
because of the self-assembly phenomenon of the block copolymer, where the block 
copolymers could form lamella structure. Hence it is expected that SWCNTs as well align 
with these lamella. 
4.4.2. Electrical properties of SWCNT composites 
Figure 4.4.3 shows the dependence of electrical conductivity of the SBS and SEBS 
composites on SWCNT content. As SWCNT concentration increases, electrical conductivity 
increases, as expected. SBS and SEBS composite systems have a percolation threshold of 
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Fig. 4.4.3 Electrical conductivity of SBS/SWCNT and SEBS/SWCNT composites in 
dependence on filler content. 
0.05 wt% and 0.2 wt%, respectively. These values of percolation threshold are almost near to 
the one reported by Krause et al. using the same kind of SWCNT [142]. Even though 
SWCNTs are aligned in short range in SEBS composite, they exhibit a higher percolation 
threshold than SBS composite. This phenomenon is similar with the work of Du et al. where 
they concluded that highly aligned conductive particles have a higher percolation threshold 
than the non-aligned counterpart [143]. Highest electrical conductivity for SBS composites is 
0.42 S/cm observed at 5 wt% concentration of SWCNT, while for SEBS composites it is 1.61 
S/cm at 3 wt% concentration. When comparing to melt mixed composites like PP/SWCNT 
which showed a conductivity of 0.53 S/cm at 4 wt% loading of SWCNT, SEBS/3 wt% 
SWCNT composite exhibits a marginally higher conductivity [144]. 
4.4.3 Thermoelectric properties of SWCNT composites 
As observed from Figure 4.4.4, there is no degradation of electrical conductivity at high 
temperatures; moreover it remained almost constant at all the temperatures measured. The 
here reported electrical conductivity was measured by the Seebeck device (Figure 3.7) at 
higher temperature than reported in section 4.4.2, so there is slight deviation in values when 
compared with Figure 4.4.3. 
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Fig. 4.4.4 Temperature dependent electrical conductivities of (a) SBS/SWCNT and (b) 
SEBS/SWCNT composites. 
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Fig. 4.4.5 Seebeck coefficients of (a) SBS/SWCNT and (b) SEBS/SWCNT composites in 
dependence on filler content. 
Figure 4.4.5 shows the variation of Seebeck coefficient as a function of SWCNT content at 4 
different temperatures (40 °C, 60 °C, 80 °C, and 100 °C). The lowest concentration at which 
the Seebeck coefficient was measurable is 0.25 wt% for SEBS composites and 0.1 wt% for 
SBS composites. 
 In case of SEBS composites, the Seebeck coefficient varies in a range between 71.4 µV/K 
and 42.7 µV/K within a given SWCNT loading window (0.25 wt% - 5 wt%) and temperature 
window (40 °C – 100 °C). At 0.25 wt% SWCNT content, the Seebeck coefficient of 67.50 
µV/K was observed at 40 °C which is relatively higher than those reported for similar 
SWCNT based composites by Yu et al. [145] and Suemori et al. [146]. This value is also 
higher than that of SWCNT Bucky paper. The Bucky paper was prepared by filtering 
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SWCNT dispersion onto a polyamide 6 membrane. As SWCNT concentration increases, the 
Seebeck coefficient decreased gradually. At all the concentrations, the Seebeck coefficients 
decreased marginally with increase in temperature.  
The scenario with SBS composites was entirely different: at low SWCNT contents negative 
Seebeck coefficients were observed. It could be because of the butadiene segments which 
have  electrons in the double bond, which can be donated to the SWCNT, thus pushing the 
Fermi level to the conduction band from the valance band. This phenomenon is similar to the 
case of SBS/rGO_Ag composite, as explained in section 4.3.3.3. So far, polymers which have 
heteroatoms at their backbone have been shown to dope SWCNTs leading to n-type material. 
For instance, PEG has oxygen atoms in its main chain that donate their lone pair of electrons 
to SWCNTs [144]. PEI has nitrogen atoms in its main chain while PVPy and PVP have 
nitrogen atoms in the side chain; they also convert SWCNT to n-type material [147]. At a 
SWCNT concentration of less than 1 wt%, the Seebeck coefficient was near to -50 µV/K, 
with maximum being -49.2 µV/K at 0.1 wt%. At 1 wt% concentration the Seebeck coefficient 
decreased, as if it was gradually moving towards positive direction. At concentrations greater 
than 1 wt% the Seebeck coefficient was positive and it was around 20 µV/K. It was also 
observed that the Seebeck coefficients decrease in the first cycle of measurements with 
increase in temperature for composites with SWCNT loadings of more than 0.5 wt%, as 
shown in Figure 4.4.6. After the first cycle, the Seebeck coefficient remains almost constant. 
This behaviour is expected due to the relaxation of the polymer during the course of the 
experiment. When the polymer solution is casted, THF, being a volatile solvent evaporates 
faster, giving very less time for the polymer to attain the equilibrium spacial orientation. Also 
during hot pressing the composite was cooled down fast. So we can assume that heating 
during the experiment anneals the polymer; as a consequence it relaxes to a favourable 
orientation. 
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Fig. 4.4.6 Seebeck coefficients at 3 consecutive cycles of SBS/SWCNT (1
st
 cycle - red, 2
nd
 
cycle - blue, 3
rd
 cycle - green). 
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Fig. 4.4.7 Power factors of (a) SBS/SWCNT and (b) SEBS/SWCNT composites in 
dependence on filler content.  
Figure 4.4.7 shows the power factors of SBS and SEBS composites at different temperatures 
with increasing SWCNT content. In case of SBS composites, there is an initial increase of 
power factor followed by a drop and then again it increases with raising SWCNT content. 
This is because at lower concentrations (lesser than 1 wt%) the Seebeck coefficient is higher 
and electrical conductivity is lower than at higher filler contents, while at higher 
concentrations the electrical conductivity is high but the Seebeck coefficient is low. The 
combination of both dependencies results in the minimum of power factor at 1 wt% SWCNT 
loading. The maximum power factor obtained for SBS composites is 0.00318 µW/(m∙K2) at 5 
wt% content of SWCNT. The power factor of SEBS/SWCNT composites is up to 4 wt% 
SWCNT dominated by the increase in conductivity while at 5 wt% content of SWCNT the 
measured lower conductivity in combination with the reduction of the Seebeck coefficient 
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with raising filler content causes a slight reduced value of the power factor. The maximum 
power factor obtained for SEBS composites is 0.626 µW/(m∙K2) at 4 wt% concentration of 
SWCNT. The power factor is temperature independent in case of both the composites. 
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Fig. 4.4.8 Densities and thermal conductivities of (a) SBS/SWCNT and (b) SEBS/SWCNT 
composites (dotted black lines represent theoretical densities). 
Figure 4.4.8 shows the densities and thermal conductivities of SBS and SEBS/SWCNT 
composites. The density increases with a slight addition of SWCNT, but on subsequent 
addition of SWCNT the density decreases slightly in case of SBS composite with densities 
lying between 0.99 and 0.89 g/cm
3
. There is good compliance with theoretical density 
(calculated assuming SWCNT density of 2.1 g/cm
3
) values at lower concentrations. But at 
higher concentrations, the substantial decrease could be due to the air gaps in the SWCNT 
agglomerates. In case of SEBS composite, there was a slight drop of density at 0.5 wt% 
SWCNT content, but at further loadings there was a slight linear increase, with densities lying 
between 0.83 and 0.99 g/cm
3
. In contrary to the former case, here a good compliance with 
theoretical density values is observed. The thermal conductivities of the SBS composites lie 
between 0.09 and 0.14 W/(m∙K). The thermal conductivities of SEBS composites lie between 
0.1 and 0.2 W/(m∙K). These values are lower than reported in literature for comparable CNT 
contents [88, 90]. 
Figure 4.4.9 shows the ZT values of SBS/SWCNT and SEBS/SWCNT composites. The 
maximum ZT exhibited by SBS composite with 4 wt% SWCNT concentration is 6  10-6. But 
the mentioned composition exhibits p-type behaviour. Hence, SBS composite which is n-type 
and exhibiting maximum ZT is at 0.5 wt% content of SWCNT with a value amounting to 9  
10
-7
. In case of SEBS composites, composite with 4 wt% SWCNT content exhibit highest ZT, 
being 0.0017.The value reported here is higher than many other composites. For instance, 
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Riquelme et al prepared PVP/30 wt% MWCNT which had a ZT of 0.0004 [148]. Luo et al. 
fabricated PP/2 wt% SWCNT/5 wt% CuO/10 wt% PEG composite and attained a ZT of 
0.00004 [88]. 
0 1 2 3 4
10
-7
10
-6
10
-5
10
-4
10
-3
10
-2
Z
T
SWCNT content (wt%)
0 1 2 3 4
10
-7
10
-6
10
-5
10
-4
10
-3
10
-2
Z
T
SWCNT content (wt%)
 
Fig. 4.4.9 ZT values of (a) SBS/SWCNT and (b) SEBS/SWCNT composites.  
4.4.4. Summary 
Composites based on SWCNT with SBS and SEBS as matrix were prepared successfully and 
their morphology was characterized. Percolation of SWCNTs was achieved at a loading of 
0.05 wt% and 0.2 wt% for SBS and SEBS composites, respectively. It was shown that  
electrons in the polybutadiene block of SBS could dope SWCNT and hence SBS/SWCNT 
composites showed n-type semi-conducting behaviour at lower concentrations (≤ 0.5 wt%), 
whereas SEBS/SWCNT exhibited p-type semi-conducting behaviour at all filler contents. 
Maximum electrical conductivity (1.61 S/cm) was exhibited by SEBS/3 wt% SWCNT 
composite. Maximum positive Seebeck coefficient (71.4 µV/K ) was exhibited by SEBS/0.25 
wt% SWCNT composite and maximum negative Seebeck coefficient (-49.2 µV/K ) was 
exhibited by SBS/0.1 wt% composite. The electrical conductivities and Seebeck coefficients 
of all the SEBS/SWCNT composites do not degrade with temperature up to 100 °C. In case of 
SBS/SWCNT composites the electrical conductivities do not degrade with temperature up to 
100 °C, but Seebeck coefficients of composites with SWCNT contents greater than 0.5 wt% 
decrease at higher temperatures and retain the low value in next cycles. But this degradation 
in Seebeck coefficient does not affect the approach to build thermoelectric generator, because 
SBS composite with 0.5 wt% SWCNT loading, which shows maximum power factor with n-
type behaviour, does not degrade like other compositions. Maximum ZT (0.00173) was 
exhibited by SEBS/4 wt% composite. After measuring the fundamental thermoelectric 
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properties, these materials were applied to build a thermoelectric generator, which will be 
explained in the next section.  
4.4.5 Device construction and performance  
A typical thermoelectric generator (TEG) or thermoelectric device is constructed by placing 
nearly equal number of p-type and n-type legs alternatively and connecting them electrically 
in series to each other using a metallic paste. These series of legs are placed in between two 
ceramic plates, which provide support to the legs and ensure that the legs do not touch each 
other. Primarily, they transmit the heat from source along the legs parallely.  
In this work, SBS/0.5 wt% and SEBS/4 wt% composites were selected as n-type and p-type 
leg, respectively, for the construction of TEG; as these two materials showed the best 
thermoelectric properties for n-type and p-type materials, respectively. Using these materials, 
two types of modules were constructed. In Module 1 (Figure 4.4.10a), the thermoelectric legs 
were placed over the copper block perpendicularly, with the legs connected to each other 
electrically in series using a silver paste. A thermal paste ensures that the legs are electrically 
insulated between each other and they are in thermal contact with the copper block. The outer 
ends of the module were connected to the copper blocks using the silver paste. One of the two 
copper blocks acts as a heat source and the other a heat sink. In Module 2 (Figure 4.4.10b), 
the legs were stacked one over the other with an insulating layer (scotch tape) between every 
two legs. Like Module 1, all the legs were connected electrically in series using a silver paste. 
The outer ends of the TEG were connected to copper wires which were in-turn connected to 
the terminals of the Seebeck instrument. The TEG was insulated from the copper blocks by 
means of a thermal paste. More specific details are mentioned in the section 3.2.3. 
In the first module, with 5 legs, 7 legs, and 9 legs a maximum potential difference of 11.08 
mV, 15.83 mV, and 21.59 mV, respectively were obtained at a maximum temperature 
difference of 40 K. They had a resistance of 220 K, 315 K, and 470 K, respectively. The 
second module, with 51 legs could generate a voltage of 93.21 mV at a temperature difference 
of 40 K; this had an internal resistance of 2 M. The contacts seemed to be very intact, as 
there was no contact resistance observed. 
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Fig. 4.4.10 Photographs of 2 modes of generator construction, (a) Module 1 and (b) Module 2.  
The potential differences for the modules were measured using the same equipment but with a 
different protocol. One end was maintained at 40 °C while the other end was varied in steps of 
10 °C from 50 °C to 80 °C, thus yielding a temperature difference of 10 K, 20 K, 30 K, and 
40 K. The electrical potential generated at different temperature differences are represented in 
Figure 4.4.11. The Seebeck coefficient of chosen p-type and n-type material are 51.2 µV/K 
and -48 µV/K, respectively. On an average, it could be considered that each leg generates ~50 
µV/K. The lines in the Figure 4.4.11 corresponds to the values calculated using this value. At 
the outset, the experimental values agree more or less with the calculated values. This means 
that the every leg functions as expected and contributes equally to the generator. The potential 
generated raises linearly with the increase in temperature difference. The maximum values 
obtained using 5 layered, 7 layered, 9 layered, and 51 layered generators are 11.08 mV, 15.83 
mV, 21.59 mV, and 93.21 mV, respectively. 
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Fig. 4.4.11 Potential difference developed with defined number of legs (lines correspond to 
calculated values). 
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5 Summary 
This work was aimed to develop new thermoelectric materials that are inexpensive, easily 
processable, and originate from sustainable sources, suitable for low temperature 
thermoelectric generators. To realise this goal the focus was to improve the thermoelectric 
properties of the materials by several strategies and subsequently develop p-type and n-type 
thermoelectric materials to build a thermoelectric generator. Broadly, thermoelectric 
properties of an intrinsic conducting polymer (PEDOT:PSS) and its composites and of 
conductive polymer composites based on thermoplastic elastomers containing conductive 
fillers were explored.  
Initially (Section 4.1), conducting nanoparticles (SWCNT, Te) and insulating nanoparticles 
(TiO2, CuO) were employed to increase the thermoelectric properties of the intrinsic 
conducting polymer PEDOT:PSS. This approach did not yield substantial improvement 
compared to the literature values, hence a molecular dopant (DMSO) was added further to the 
above composite to improve the thermoelectric properties. However, also this did not bring a 
considerable improvement. Secondly (Section 4.2), rGO was modified by using different 
metal precursors. Modification by vanadium brought about a substantial improvement in the 
electrical conductivity while retaining the same Seebeck coefficient. Modification by silver 
precursor yielded a positive outcome in the view of Seebeck coefficient while maintaining the 
same electrical conductivity. Modification by copper precursors payed off with highest 
Seebeck coefficient when comparing other modified rGO particles with slight reduction in 
electrical conductivity. Thirdly (Section 4.3), SBS and SEBS composites based on rGO and 
modified rGO particles were developed, where SBS/rGO_Ag yielded n-type thermoelectric 
material. All other composites exhibited p-type thermoelectric behaviour. Composites based 
on modified rGO exhibited improved thermoelectric properties, with composites based on 
rGO_Ag showing the highest ZT. Finally (section 4.4), SBS and SEBS composites based on 
SWCNT showed promising results. SBS/SWCNT composite at low loading of SWCNT 
exhibited n-type thermoelectric behaviour, while SEBS/SWCNT exhibited p-type 
thermoelectric behaviour with very high ZT comparable to recent literature values.  
In the following, the thermoelectric performance of the different material classes is 
summarized. In Figure 5.1, the values are shown corresponding to the maximum power factor 
of the particular composite system. The SWCNT composite shows very high electrical 
conductivity (33 S/cm), 2 order of magnitude increase compared to other composites. This is 
 136 
 
mainly due to the high intrinsic electrical conductivity of SWCNT. Moreover, such a high 
electrical conductivity is achieved at a relatively low loading of 5 wt%. The highest Seebeck 
coefficient (116 µV/K) is attained with Te composites. Te has an optimum bandgap of 0.34 
eV, which helps it to have a high Seebeck coefficient at the same time without deterioration of 
electrical conductivity [149]. In case of TiO2 and CuO composites, the electrical conductivity 
is mainly contributed by PEDOT:PSS as both the nanoparticle possess very low electrical 
conductivity (< 10
9
 S/cm). The maximum Seebeck coefficient of TiO2 composites was 46 
µV/K. Obviously, SWCNT composites exhibited highest power factor (1 µW/m.K
2
) which is 
primarily due to the high electrical conductivity.  Te composites also exhibited relatively high 
power factor (0.27 µW/m.K
2
), because of the highest Seebeck coefficient. 
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Fig. 5.1 Thermoelectric properties of PEDOT:PSS composites modified with various 
nanoparticles. 
Figure 5.2 summarizes the electrical conductivities, Seebeck coefficients and power factors of 
PEDOT:PSS composites modified with CNT, TiO2, CuO and Te as nanofiller and doped with 
DMSO. Shown are the values corresponding to the maximum power factor of the particular 
composite system. The electrical conductivities of all the composites are nearly of the same 
order of magnitude, except TiO2 based composite. This is because as the matrix is doped with 
DMSO, the electrical conductivity of the matrix increases by nearly 2 orders of magnitude 
and hence the fillers whose conductivities are far lesser do not influence the electrical 
conductivity of the final composite. The Seebeck coefficients of all the composites are around 
15 µV/K except that of the TiO2 containing composite. It could be perceived that as the 
matrix dominates in the transportation of electrons, the Seebeck coefficient of the matrix is 
reflected in the composites. Power factors also remains in the same order of magnitude for all 
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the composites. Ultimately, it is understood that the addition of DMSO masks the intrinsic 
thermoelectric property of the nanofiller.  
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Fig. 5.2 Thermoelectric properties of PEDOT:PSS composites with various nanoparticles and 
added with DMSO. 
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Fig. 5.3 Thermoelectric properties of p-type (a) SBS and (b) SEBS composites with rGO 
based nanoparticles and SWCNT.  
Figure 5.3 shows the electrical conductivities, Seebeck coefficients and ZT of p-type 
composites based on SBS and SEBS with rGO, modified rGOs, and SWCNT as nanofiller. 
The values shown here are those corresponding to the maximum power factor of the particular 
composite system. Comparing rGO based composites and SWCNT based composite, SEBS/ 
4wt% SWCNT composites show highest electrical conductivity, Seebeck coefficient, and 
therefore highest ZT as well. The comparatively intrinsic high electrical conductivity and 
Seebeck coefficient contributes to such a high value. When comparing the electrical 
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conductivities of composites based on rGO and modified rGO, it is observed that rGO_V 
composites exhibited higher values (4-5 times) even at a lower filler content. But the Seebeck 
coefficient (~ 7 µV/K) was slightly lesser than that of rGO composites. The electrical 
conductivities of rGO_Cu and rGO_Ag composites were almost similar to that of rGO 
composites. The Seebeck coefficient of SEBS/rGO_Ag composite is approximately twice 
than that of rGO composites, while the Seebeck coefficients of rGO_Cu composites are 4-5 
times higher than the rGO composites. The ZT values of rGO_Cu and rGO_Ag composites 
are approximately 3-4 times higher than those of rGO and rGO_V based composites. 
Conclusively, it could be apprehended that in case of rGO and modified rGO based 
composites the strategy of increasing the Seebeck coefficient has brought about a substantial 
increase in ZT value, while the strategy of increasing electrical conductivity resulted only in a 
slight increase in ZT value. 
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Fig. 5.4 Thermoelectric properties of n-type SBS composites with rGO based nanoparticle 
and SWCNT.  
Figure 5.4 shows the electrical conductivities, Seebeck coefficients and ZT of n-type 
composites based on SBS with rGO_Ag and SWCNT as nanofiller. In similarity with the 
above discussions, only the compositions exhibiting the maximum power factor are displayed 
here. Akin to p-type composites, in n-type composites as well the SWCNT based composite 
exhibit higher electrical conductivity (one order increase), Seebeck coefficient (4 times 
increase), and therefore higher ZT (2 times) than the SBS/rGO_Ag composite (Figure 5.4). 
Even at a low loading of only 0.5 wt% it was possible to attain a higher value of ZT. In case 
of rGO and modified rGO based composites, only rGO_Ag nanoparticle exhibit n-type 
behaviour to the SBS block copolymer.  
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To conclude, a p-type material based on SWCNT (SEBS/4 wt% SWCNT) with a ZT of 
0.0017 stood out as the best thermoelectric material in this work. This material outperformed 
other composites based on insulating polymer matrices like PVAc/gum arabic/10 wt% 
SWCNT composite [93], PC/15 wt% MWCNT [90], PP/2 wt% SWCNT/5 wt% CuO/10 wt% 
PEG [88], or PLA/15 wt% tungsten carbide [92]. Moreover, an n-type material based on 
SWCNT (SBS/0.5 wt% SWCNT) was payed off as a result of apt selection of the SBS as 
polymer matrix. In contrast to other n-type composites like PP/SWCNT/PEG [88] and 
PVAc/SWCNT/PEI [87], the strategy of using SBS as polymer matrix yielded an n-type 
material without the use of a third additive. 
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6 Outlook 
In this work strategies for improving the thermoelectric characteristics of different polymer 
composites were explored. Even though some promising results and significant improvements 
were reached, this is just a starting point and there is more scope for future research. 
1) In our study, SWCNT composites have shown the best results. The thermoelectric 
properties can be further improved by purifying the SWCNT. The SWCNT used here 
has a mixture of metallic and semiconducting SWCNTs. Separating semiconducting 
SWCNT from the mixture is possible by using potassium salt of coronene 
tetracarboxylic acid [150]. Semiconducting SWCNTs have a much higher Seebeck 
coefficient than the mixture. Hence, with the help of such a purified SWCNT making 
a composite with SBS would generate an n-type composite with improved Seebeck 
coefficient.  
2) Though rGO and modified rGO based composites exhibited lower effiiciency, they do 
have potential to display high thermoelectric efficiency. In our study, comparitively 
low temperatures were used for the synthesis of rGO based nanoparticles. Very high 
temperature treatment at inert environment could remove most of the impurities on the 
graphene lattice that scatter electron decreasing its mobility, ultimately resulting in an 
increase of the electrical conductivity of rGO [109, 110], thereby improving the 
thermoelectric efficiency. 
3) It was shown that only SBS could dope SWCNT to show n-type behaviour. An 
alternative is to use n-type fillers. For instance, Nitrogen doped CNT exhibit n-type 
behaviour [151]. When CNT is doped at atomic scale, the dopant is present in the 
lattice and tightly covalently bonded, and hence could result in a n-type composite 
with any polymer as the matrix. Such a modification could also be effected in rGO 
[152]. 
4) Graphene nano-ribbon is another intersting conducing materials which has quasi-1D 
structure and its bandgap can be easily manipulated by altering their size. 
Theoretically, it is predicted that their ZT can reach up to 4 at room temperature [153]. 
Making composite with such a nanoparticle with insulating polymers can generate a 
flexible thermoelectric composite with high ZT values.  
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5) In this study, the thermoelectric device was fabricated manually. An automated 
process could be a strategy to take the research to a next level. As it was mentioned in 
the introduction, polymer based thermoelectric devices are being commercialized. 
They are produced in a continuous and fast process. Such a continuous process could 
be conceived for conductive polymer composites through melt processing techniques.  
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